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SYNOPSIS 


THE BEHAVIOUR OF FERROCE!"ENT SLABS UNDER DIFFERENT LOADS 

(A thesis submitted in partial fulfilment of the requirement for the 
degree of Doctor of Philosophy by Murlidhar Raisinghani to the Department 
of Civix Engineering, Indian Institute of Technology, Kanpur in 1976) 

In quest for a new building material, at present time, ferrocement 
is the subject of vigorous research and development activity. Since Nervi, 
the acknowledged pioneer of ferrocement material, several research workers 
around the world have carried out both experimental as well as theoretical 
studies to understand the behaviour and mechanical properties of ferrocement. 
But most of the works reported in the literature are on the behaviour of 
ferrocement slab elements under direct tension, direct compression, flexure 
and torsion, which are in no way sufficient to characterise the mechanical 
and engineering properties of the material. 

The present study is primarily aimed at investigating experimentally 
and analytically, 

i) the behaviour of ferrocement slabs under sustained static loads, 

ii) the behaviour of ferrocement slabs under repeated loads, 

iii) the fatigue characteristics of ferrocement slabs, 

iv) the yield criterion and the plastic analysis of ferrocement 
slabs and 

v) the response of ferrocement cylindrical tank and slabs to blast 
loading. 

In a composite material the visco- elastic deformations depend not only 
on the properties of the individual constituents but also on the way in which 



xvii 


they combine and interact . Since time- dependent deflection of structures 
is an important factor in design, ferrocement slabs were tested under various 
sustained loads for a period upto ninety days. Based on the observations, 
the time- deflect ion curves are plotted and a model to estimate the time- 
dependent flexural deflection is suggested. 

Structures, floating as well as non floating, may be subjected to 
repeated stresses from waves, machinery, wind etc. In order to understand 
the behaviour of ferrocement under repeated stresses, several slabs were 
tested under pulsating loads of constant magnitude. The observed fatigue 
creep deflections have been plotted against cycles of load. The effect of 
repeated loads on the flexural rigidity of slabs has been discussed and the 
load-deflection hysteresis loops have been plotted. Based on the limited 
experimental data on fatigue failure, the S-N curveshave been presented. 

The ferrocement may easily be treated as a homogeneous material and 
Its behaviour under flexural loads has been observed to be very ductile. 

Since its behaviour is quite different from ordinary reinforced concrete 
material, the yield criterion for the slabs of ferrocement is expected to 
be different. Based on the observations and experimental data of twenty slabs 
tested under biaxial end moments, sixteen slabs tested under centre point 
loads and a circular slab tested under central punch load through a boss, a 
yield criterion for the slabs has been suggested. 



CHAPTER I 


INTRODUCTION 


1«1 General 

Ferrocement is a highly versatile form of reinforced mortar made 
of wire mesh, mild steel rods, sand, cement and water which possesses 
unique qualities of strength and serviceability. Ferrocement was developed 
by Nervi (l) who based his thinking on the observation that elasticity 
of a reinforced concrete member increased in proportion to the subdivision 
and distribution of reinforcement in the mass. After considerable practi- 
cal and laboratory experimentation, it became clear that several layers of 
mesh reinforcement in combination with steel rods embedded in a rich mortar, 
produced a very strong resilient material. It is essentially a fom of 
reinforced concrete although it exhibits a structural behaviour different 
from conventional reinforced concrete in perfo nuance and strength. It can 
be fabricated into almost any shape to meet the needs of the user. The 
skills for ferrocement construction are quickly acquired and include many 
skills traditional in Indiar.and other developing countries. Ferrocement 
construction is labour intensive and a side benefit of its development is 
the creation of muoh needed jobs for unskilled labour in those countries. 

Proven suitable for boat building, it has many other potential 
applications in agriculture, industry and housing. Ferrocement suits well 
to those structures that owe their strength to form such as thin shells and 

corrugated Surfaces. Other applications of ferrocement are for under water 

| ■■■!■! 

Indicates reference number. 
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structures and container vessels to store liquid natural gases and explo- 
sives . To a certain extent grain storage silos (2), water tanks (3) and 
roofs have been constructed using ferrocement . Other applications like 
irrigation canal lining and culverts are being investigated. Ferrocement 
has been used in the lining of shafts and tunnels in Eastern Europe. Pre- 
cast elements of ferrocement have been used as water proofing and decora- 
tive covers. More potential applications of ferrocement for developing 
countries are summarised in the National Academy of Science Report (3)* 
Ferrocement is especially suitable for hanging roofs because of its higher 
extensibility. 

There is a saving in the basic materials, viz. steel and cement, 
since it is possible to cast very thin sections with ferrocement. This is 
especially advantageous in spatial structures, as they can be built very 
slender, thereby, making the best use of their efficient form. Because of 
its dead weight, the handling and the erection of ferrocement elements is 
easier, thus making it suitable for prefabrication. Considerable advance 
has been made in the Soviet Union (4, 5) on the application of prefabrica- 
tion techniques to f errooement structures . Techniques such as Vib rob ending 
and Yibropressing have been developed. Yibrobending is the technique of 
bending ferrooement plate to the required shape when mortar is fresh. In 
Vibropressing method, casting, vibrating and pressing are performed simul- 
taneously* 
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1 .2 Concept of Ferrocement 

In the light of fracture mechanics for brittle materials as proposed 
by Griffith (6) and with experimental evidence it is now concluded that the 
low tensile strength of concrete is due to the naturally occuring internal 
flaws and microcracks present in the concrete. The unstable crack propaga- 
tion in the presence of tensile loads for materials with small internal 
flaws or microcracks is the main reason why tensile strength of such mate- 
rials is much less than their compressive strength . To explain this phena- 
menon Griffiths hypothesis states that the crack will begin to propagate 
unstably if the rate of elastic energy release is equal to or greater than 
the energy required in extending the crack. It is obvious from the relation 
derived by Griffith that the resistance of material with a particular speci- 
fic surfaoe energy can be increased by keeping the applied stress level low, 
reducing the flaw length and/or increasing the modulus of elasticity. 
Reducing the applied stress defeats the purpose of using the material effici- 
ently. In ferrocement, the closely spaced wire mesh, well dispersed in the 
matrix not only decreases the flaw length but also increases the value of 
modulus of elasticity. 

The use of small diameter wire mesh helps in reducing the stress 
concentration at the flaw tip. Romualdi and Mandel (j) postulated that a 
crack traversing through a material is arrested by the pinching action of 
shear bond between the wire and the mortar. This action reduces the strain 

energy release in the propagation of crack. The crack arresting action of 
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the wire mesh continues even after the crack has crossed the wire. If 
ultimate shear bond is exceeded, irrecoverable work is done in stripping 
off the wire out of mortar. Otherwise the ductile failure of the wire 
occurs . 

1 .3 Law of Mixture 

In a composite material like ferrocement consisting of a matrix 
reinforced with uniformly dispersed continuous fibres, it is assumed that 
the fibres are firmly bonded so that when stressed no slippage occurs at 
the interface of the fibres and the matrix. The modulus of elasticity and 
the other relevant properties of the composite can be determined from the 
relation commonly known in literature as ’law of mixture* (8). 

1 .4 Specific Surface and Volume Fraction 

The crack arrest mechanism is considerably influenced by the specific 
surface and the mechanical properties of the wire mesh. The specific sur- 
face or the degree of dispersity of ferrocement can be expressed as the 
surface area of fibres in contact with the matrix per unit volume of the 
composite. The ultimate load carrying capacity increases with the increase 
of the volume fraction of the reinforcement which is defined as the volume 
of steel (fibre and skeletal steel) per unit volume of the composite. It 
should be noted that the contribution of the skeletal steel in the crack 
arrest mechanism is insignificant, as verified by the experimental results(9) 
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This is due to the fact that, unlike the wire mesh, it is not dispersed 
sufficiently in the matrix; however, its contribution in load carrying 
capacity is quite appreciable. 

1 .5 Ob j ectives of Study 

Several research workers have carried out extensive experimental 
investigations and analytical studies to understand the mechanical proper- 
ties and behaviour of ferrocement under direct tension, direct compression, 
torsion, flexure, impact etc. The trilinear load-deformation behaviour as 
exhibited by ferrocement slabs under transverse loads has also been studied 
by several authors. A critical literature review of the same has been 
presented in Chapter II. A cursory glance on the available literature, 
however, reveals that the research has been concentrated mainly on the 
forementioned characteristics of ferrocement. 

Floating as well as non-floating structures may be subjected to 
repeated stresses due to wind, earthquake, waves and machines. A ferro- 
cement boat in water is subjected to repeated stresses due to hydrodynamic 
effect of waves and/or machines fitted inside it. But it appears that 
hardly any work has been done on the fatigue creep and fatigue life of the 
material. Due to viscoelastic nature of the material, the deflection of 
ferrocement members increases with time under sustained loading. Further- 
more, the increase in deflection leads so the formation of additional cracks. 
Hence, a knowledge of creep is of considerable importance in structural 
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mechanics and design. Ferrocement containers are also being used to store 
explosives. To evaluate and characterise ferrocement as a structural mate- 
rial, it is essential that the behaviour of material under different type 
of stresses is well established through experimental and analytical studies. 
Pezhaps no attempt has been made so far to establish a generally acceptable 

yield criterion to determine the load carrying capacity of ferrocement slabs 
subjected to biaxial stresses. 


1 .6 Scope of Study 

The present study is primarily aimed at investigat 
and analytically 


xng experimentally 


i) the behaviour of ferrocement slabs 
ii) the behaviour of ferrocement slabs 


under sustained static loads, 


under repeated stresses, 
iii) the yield criterion and the plastic analysis of ferrocement slabs and 

iv) the response of ferrocement slabs and a cylindrical tank to blast 
loading. 

The flexural creep characteristics of ferrocement have been studied 
-ith particular reference to twenty rectangular slabs subjected to sustained 
central line load for a period upto ninety days. The tests for fatigue 
lxfe and fatigue creep of ferrocement slabs have been carried out on thirty 
sir similar slabs as for creep and under the central line loading only. 
Sixteen rectangular slafcs under central line loads, twenty square slabs 
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under uniaxial and biaxial end moments and a circular slab subjected to a 
central punch load applied through the boss have been tested to determine 
the yield criterion and the collapse loads. The experimental observations 
have been compared with the theoretical predictions. The tests for blast 
loading were carried out on a ferrocement cylindrical tank and the slabs 
for which only a qualitative discussion has been presented. 



CHAPTER II 


SELECTIVE LITERATURE REVIEW 

2 .1 General 

Nervi, (l) obtained the mechanical properties of ferrocement from 
a series of tests and utilized these results in the design of several shell 
roofs which even today remain models of aesthetics in structural design. 
Since Nervi's demonstration of sea- worthiness of his ferrocement motor 
sailor, several investigators have studied engineering properties of 
ferrocement. Although microcracks are inherent in ferrocement even at no 
load, it can be designed to be watertight under service loads. For all 
intents and purposes, ferrocement is completely fire resistant and its 
conductivity is one sixth of that of steel. The material offers resistance 
to impact, shock and explosive loading. Romualdi and Batson (10), Aveston 
and Kelly (ll) and Shah and Rangan ( 1 2) studied the crack arrest mechanism 
of brittle material reinforced with closely spaced wires and presented 
various theories. 

2.2 Tension 

Naaman and Shah (15) investigated the properties of ferrocement in 
direct tension by varying the type, size and volume of the wire mesh. It 
was observed that the ultimate strength of ferrocement in axial tension is 
the same as that of wire mesh alone and its modulus of elasticity can be 
predicted from those of mortar and wire mesh by law of mixture (8). It was 



9 


also observed that the specific surface of reinforcement strongly influences 
the cracking behaviour of reinforcement. An analytical expression for the 
crack spacing and specific surface of reinforcement was presented. Lee, 
Raisinghani and Pama ( 9 ) and Walkus (14) also concluded from the tests that 
the tensile stress at first crack and number of cracks at ultimate failure 
increased upto an optimum value with increasing specific surface. All the 
authors are of the view that the composition and strength of mortar do not 
appreciably influence the tensile strength of composite. 

2.3 Compression 

Studies by Bezukladov, Amel Yanovich, Verbitakiy and Bogoyavlensky (15), 
Rao and Gowdar (16), Lee, Raisinghani and Pama (9) and Kelly and Mouat (17) 
show that compressive strength of ferrocement depends primarily on that of 
cement mortar and is independent of specific surface or volume fraction. In 
axial compression the local buckling of the wire mesh causes mortar to split 
longitudinally, hence the ultimate compressive strength is less than that of 
mortar. Close tying of wire mesh may partly prevent this action. In the 
uncracked range the law of mixture was shown to predict well the modulus of 
elasticity of composite. In the mathematical derivation for the ultimate 
strength of composite, contribution of wire mesh and skeletal steel is 
neglected. 

2.4 Flexure 

Experiments performed by Lee, Raisinghani and Pama (9), Claman ( 18 ) 
and Bezukladov, Amel Yanovich, TerbitabL^r and Bogoyavlensky (15) indicated 
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that the load-deformation curve for ferrocement plates under transverse 
loads can he approximated to a trilinear behaviour without much loss of 
accuracy. The response is elastic till cracks develop on the tensile face. 
The elastic range is followed by strain hardening range. Increasing number 
of cracks are seen with increasing stress. The cracks are very fine in this 
stage (crack width of 0.005 to 0.5 mm) and increasing mortar strains are due 
to increasing number of cracks rather than increasing width of cracks. This 
range terminates at a point where the deflection starts to increase signifi- 
cantly without an appreciable increase in load. The increase in deflection 
is mainly due to increasing width of cracks. Russians and others have ana- 
lysed the post cracking strength of ferrocement slabs in bending by conside- 
ring ferrocement as layered plate. The method of analysis has been presented 
in Appendix A. 

Walkus (14) suggested that it is desirable to differentiate each stage 
according to performance of a structure e.g., water tightness, corrosion 
resistance etc. Based on his experimental research, Walkus (19), presented 
a theory of bending of ferrocement. Three states of serviceability for 
ferrocement structures have been distinguished and defined by the permissible 
width of microcracks. Using the more precise definition of cracking moment 
and the hitherto known knowledge of ferrocement behaviour in axial tension, 
the numerical correlation of stresses and strains and crackwi dth have been 
determined. For watertightness permissible crackwi dth is 20 microns and 
for corrosion 50-100 microns depending upon the environment. 
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Based on experimental investigations, Oberti (20), reported that 
for steel upto 200 kg/t/^, the extensibility of ferrooement was of the same 
order as for unreinforced mortar. When steel content was increased to 100- 
500 kg/M , the extensibility increased by about 5 times. 

Cracking behaviour and moment capacity of ferrooement in flexure have 
been studied by Bezukladov, Amel Yanovich, Verbitakiy and Bogoyavlensky ( 1 5 ) » 
Desayi and Jacob (2l), Muhlert (22), Lee, Raisinghani and Pama ( 9)9 
Rajgopalan and Parmeswaran (23) and Logan and Shah (24). It was observed 
that the flexural tensile stress at first crack increases with increasing 
specific surface. Specific surface in this case is defined as the total 
longitudinal surface area of reinforcement per unit volume of the mortar in 
tension. The flexural strength was shown to be accurately predicted by 
ultimate strength theory developed for conventional reinforced concrete. 
Rajagopalan and Parmeswaran (23) suggested a method to compute the cracking 
moment of ferrocement based on the assumption of a linear strain-space rela- 
tionship and a nonlinear stress-space relationship in tension zone taking 
into account the plastification of mortar in that region. A methodology to 
predict the ultimate strength based on the assumed mechanism of failure was 
also given. Austriaoo (25) derived moment-curvature relations of a ferro- 
cement section on the assumption that wire mesh yields as soon as it is 
impinged by a crack. These moment-curvature relations led to an idealized 
triline ar moment- curvature curve which was used in the analytical studies 
and verified experimentally. The comparison of the theoretical results and 
experimentally obtained values were shown to be satisfactory. The 
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experimental results indicated that the composite load-deflection curve 
constructed by joining the two segments obtained by the trilinear and bi- 
linear analysis gave a good approximation of load- deformation behaviour of 
the circular ferrocement slabs. 

In tensile state of stress, Pama, Sutharatanachaiyapom and Lee (26) 
found out that in the cracked range mortar contributes to the modulus of 
elasticity of the composite section depending upon the volume fraction of 
wire mesh. It is also reported that modulus of shear rigidity and Poisson's 
ratio increase with increasing volume fraction of wire mesh and these mecha- 
nical properties can be calculated from the law of mixtures. Bezukladov, 
Amel Yanovich, Yerbitakiy, Bogoyavlensky ( 15 ) reported on the basis of 
experimental results that Poisson's ratio decreases with increasing volume 
fraction contradictory to the findings of Pama, Sutharatanachaiyapom, and 
Lee (26). 

2.5 Impact 

The resistance of ferrocement to moderate impact is one of its assets 
in marine use. Its behaviour is unique, for, the fabric remains largely 
intact after a part of energy due to blow has been observed. Apart from 
Nervi's (l) initial tests, Kelly and Mouat (17), Sintzow, Libow and Antipow 
(27), Lessard (30)» Shah and Key (28), Chang, Gibson and Gibbons ( 29 ) and 
Bezukladov, Amel Yanovich, Yerbitakiy and Bogoyavlensky (15) have carried 
out impact tests on ferrocement panels. It is reported that the effect of 
impact loads on ferrocement is localised and failure is characterised by a 
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widely dispersed area of shattered mortar and even under such conditions 
the material remained fairly impervious. Instead of measuring the width 
of cracks due to variable total potential energy of blows, Shah and Key ( 28 ) ^ 
measured the effect of constant potential energy interms of flow of water 
(leakage rate) at a constant water head. This method of evaluating the 
impact resistance of ferrocement appears to be more rational. It was 
concluded that^ higher the specific surface of reinforcement or^higher the 
yield strength of ferrocement the lesser the damage (that is leakage rate) 
due to impact loading. 


2.6 Permeability 

Tests for permeability and punching strength of ferrocement were 
reported by Lachance and Fugere (31 ). These tests showed that ferrocement 
was perfectly waterproof but perme able to oil, nec essitating special coating 
for oil tankers. Punching strength of ferrocement was found to be four times 
that of fir ply wood bib the same thickness. 

2.7 Creep 

Experimental studies on the flexural creep of ferrocement slabs under 

sustained loads were carried out by Bezukladov, Amel Yanovich, Verbitakiy 

and Bogoyavlensky (15). It was reported that the increase in deflection 

during initial period of application of load and with increasing time , the 

2 

rate decreased. The slabs were subjected to flexural stress of 50 kg/cm . 
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Later on, hardly any -work has been published on the time- dependent defle- 
ction of ferrocement slabs under static loads. 

2.8 Fatigue 

Although very little information is available on fatigue strength 
of ferrocement, fatigue may be critical property of ferrocement ship'AuXL's-. 

It is known that for reinforced and prestressed concrete structures, the 
fatigue resistance of the reinforcement is often the controlling property 
for the fatigue characteristics of the composite structures. Greenius (32) 
reported from the experimental tests that for imposed repeated loads of 

5 

constant magnitude ferrocement slabs- under flexure could withstand 2 x 10 

2 

cycles of load at an apparent fibre stress of 123 kg/ cm and under constant 
deflection condition it could withstand many thousand load cycles at an upper 
fibre stress of about 70 kg/cm . The endurance limit at 10 or 10 cycles 
has not yet been established. 

2.9 Shear 

The behaviour of ferrocement in pure planar shear had been studied 
by Bezukladov, Amel Yanovich, Verbitakiy and Bogoyavlensky ( 1 5 ) * The stress- 
strain relation was observed to be bilinear giving rise to two different 
shear moduli each corresponding to one stage of loading. Initial shear 
modulus linearly varied with specific surface of wire reinforcement oriented 
in the direction of the tensile diagonal of plate. The shear modulus in the 
second phase was the same for all values of specific surface. 
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Further information on ferrocement was presented by Suryakumar, 
Narayanaswamy and Sharma (33), Walkus and Kowalski ( 34 ) etc. 

2.10 Plasticity and Yield Criteria 

Since one of the objectives of the present work is to develop a 
yield criterion for ferrocement slabs under general state of stress, a 
brief review of the literatus on plasticity is presented here. 

A detailed discription of historical developments in the theory of 
plasticity can be found in various survey papers and books (35*36,37 38). 

Tresca ( 39 , 40 ) is considered to be one of the pioneers in the field of 
plasticity for introducing a piecewise linear yield criterion for ductile 
materials. Von Mis es ( 41 , 42 ) introduced the nonlinear yield criterion 
bearhghis name and advanced the hypothesis that the strain rate vector is 
normal to the yield surface. Subsequently Drucker ( 43 , 44 ) gave a mathema- 
tical proof to the previously hypothesized normality of the strain rate 
vector and further showed that yield surface is convex. 

Prager (45) and Melan ( 46 ) carried out general studies in plasticity, 
some of which can be applied to reinforced concrete slabs, especially the 
derivation to determine whether an upper bound solution is an exact solution 
or not. Nielsen (47) followed to a certain extent the same line as Prager 
and found both the upper and lower bound solutions. 'Where the two solutions 
coincide, the result is exact. 

Koiter ( 48 ) introduced that the plastic strain rate vector at corners 
is a linear combination of the strain rate vectors from all loading surfaces 
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forming comers and falling within the fan of normals to the contributing 
surfaces. 

Prager (49) introduced the kinematic strain hardening model which 
treats the initial yield surface as a rigid body and is free to translate 
but maintain its size and orientation. Prior to this, theories of strain 
hardening solids assumed a mechanism for contributing plastic flow’' based on 
a linear isotropic hardening theory. Hodge (50) presented a general theory 
which includes isotropic and kinematic hardening as a special case . Hodge 
(51,52,53) has solved various plate problems using the theory of linear 
isotropic strain hardening. 

In the present study, works of Nielsen (54), Baus and Tolaccia (55) 
and Kwiecinski (56) on the yield criterion of reinforced concrete atpe of 
particular interest in addition to work of Austriaco (25) • 

Nielsen (54) tested reinforced concrete plates subjected to pure 
torsion. For isotropic reinforcement the loading condition would correspond 
to comers of square yield criterion in quadrants 2 and 4* Two forces, one 
upward and one downward were applied through steel channels welded to rein- 
forcement along plate edges to transmit torsional moment. A close corre- 
lation was obtained between measured and calculated values which supported 
Johansen's (57 ) findings. 

The first systematic experimental research to determine yield criterion 
of reinforced concrete plates under uniaxial and biaxial moments was carried 
out by Baus and Tolaccia (55)* The shape of the yield criterion found out 
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from experimental research was different from that of square yield criterion. 
The investigators observed increase of moment capacity in going from uni- 
axial to biaxial bending and advanced several reasons in support of their 
findings. For biaxial moment of the same sign, the concrete on the compre- 
ssion side was subjected to biaxial compression, 'which caused an effect 
analogous to that of precompression of the specimen. This effect is most 
important when the compressive stress and Poisson's ratio of concrete are 
quite high. Ktriecinski'^s (56) main objective of study was kinking of rein- 
forcement. From the interpretation of the test results, it was concluded 
that the maximum enhancement of moment capacity attributed t 0 kinking was 
18.8 percent which was in reasonable agreement with corresponding magnitude 
of 16 percent as reported by Wood (58)* Lenschow and Sozen (59) carried out 
an exhaustive experimental and analytical work to develop a yield criterion 
for reinforced concrete plates under general state of stress. They have 
shown that there is no increase in the yield moment as a result of biaxial 
stress and the kinking of a bar across a yield line is so small that the 
increase in moment capacity is negligible. 

Based on recent work of McLaughlin (60), Austriaco (25) has presented 
trilinear analysis of ferrocement rectangular plates under cylindrical bending 
and circular slabs under a central punch load. McLaughlin reported that in 
case where the current, and subsequent yield surfaces become tangent to or 
coincide with the limit surface over a finite segment, the limit surface is 
convex and the strain rate vector is normal to it within this segment. It 
is also proved that the theorems of limit analysis (6l) are equally valid 
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for strain hardening materials with unique limit surface. Austriaco (25) 
showed that in ferrocement circular plates, under central punch load, non- 
regular progression of stress points occurs at certain stage of loading. 
This was treated by Thorn, Kao and Lee (6 2), in the analysis of long 
circular cylindrical shells under uniform internal pressure in which inte- 
gration of flow laws led to a point function which was obtained by succe- 
ssive iteration. 

From the foregoing selective literature survey it appears that not 
enough work has been done in the area of creep, fatigue and yield criterion 
of ferrocement slabs. Hence, the present study encompasses these important 
aspects . 



CHAPTER III 


THE EXPERIMENTAL PROGRAMME 


3 .1 General 

The experimental part of investigation consisted of testing 72 slabs 
* 

of size 300 x 600 under static flexural loads, sustained static loads and 
pulsating loads and 20 slabs of size 600 x 600 under biaxial end moments. 

In addition to these, one circular slabs of size 1575 with a central rigid 
core of diameter 300 and one cylindrical tank of size 1525 x 1525 were also 
tested. The slabs for biaxial end moments had overhangs of 240 x 600 which 
were heavily reinforced for applying the moments. To provide holes in these 
overhangs at 40 from the edges and 300 centre to centre (hereafter c/c), 

16 0 steel pipes cut to the size of the thickness of the slabs were kept in 
position. The Figures 3«1 and 3*2 show the details of size and shape of the 
test specimens. The variables in all the specimens cast were, the number of 
layers of wire mesh, the gauge size of the wire mesh and the thickness of the 
slabs. The skeletal reinforcement for all these specimens except the circular 
slab, and the cylindrical tank consisted of 6.6 0 bars at 150 c/c in two 
orthogonal directions. The skeletal reinforcement for cylindrical tank was 
at 100 c/c and for circular slab it was at 75 c/c in two orthogonal directions 
The central rigid core of circular slab consisted of 6 0 bars in double II 
shape at 75 c/c with circular rings of the same diameter at 50 c/c. 

The pertinent details of the test specimens are shown in Table 3»1» 

The letters S,C,F,nM,BM,CT and CS in the tables denote respectively, the 
static, creep, fatigue, uniaxial moment, biaxial moment, cylindrical tank 

* 

all dimensions are in mm unless otherwise mentioned* 
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and circular slab. The numbers -proceeding and following these letters 
denote respectively the total number of layers of wire mesh and number of 
the specimen. The circular slab was cast and tested by the author at/ 

Asian Institute of Technology, Bangkok, the pertinent details of the same 
are given in Table 5.1. 

5.2 Material Preparation and Test Specimens:, 

Skeletal grids of 6.6 0 steel bars spaced at 15O c/c each way were 
formed to conform with the desired dimensions of the samples. Two to four 
layers of galvanised hexagonal wire mesh, gauge 7 19 or 22 (wire 

diameter 0.9 and 0.6 respectively), were tied on both sides of the grid. 

To obtain a homogeneous composite mat and to avoid the effect of weaving of 
the wire mesh, the layers were arranged in alternate directions. In specimens 
with gauge /-/. 22 wire mesh, small strips of the wire mesh were used as spacers; 
In larger slabs and tanks, the different layers of wire mesh were provided 
with an overlap of 100 to get a stronger joint. Care was also taken to 
stagger all such joints throughout the specimen. A typical cross-section of 
ferrocement slab is shown in Figure 3«5. 

The mortar used for all these specimens had a cement-sand ratio of 
1*1.75 with a water-cement ratio of 0.37 by weight. Ordinary portland cement 
conforming to IS 269 and natural fine river sand from Kalpi passing IS sieve 
240 were used throughout this investigation. In circular slab plastet II 
(7 ml/kg of cement) was used as an admixture to control the quality of mix. 

The water-cement ratio in mortar for circular slab was 0.35 by weight. 



Normally, no form work is required in applying the mortar on the wire 
mesh "but, to get the exact dimensions and true surface^ plywood moulds with 
thin tin sheets nailed to them were used in casting the samples . The cylin- 
drical tank was cast without any mould. Wet mixing of the mortar was done 
in 0.05 cubic meter capacity laboratory mixer. The moulds were oiled and 
reinforcement placed in position properly. The Figure 3*4 shows the rein- 
forcement for a biaxial moment specimen placed in position in the mould. 

The mortar was manually pressed inside the mesh. The moulds were then vibra- 
ted on the table vibrator to obtain uniform compaction. Six to eight stan- 

2 

dard cubes of 50 cm face area were also cast from each batch of mix. The 
smaller specimens (300 x 600) were removed from the mould after 24 hours and 
larger ones after 48 hours and were cured in a water tank for 28 days. The 
cylindrical tank and the circular slab were cured with wet gunny bags and the 
control cylinders and cubes cast along with these were also cured under similar 
conditions. All samples were properly white washed, to obtain a clear picture 
of cracks, before subjecting them to test. 

The electrical resistance strain gauges SR-4, gauge length 20 were 
fixed to the circular slab at nstralteglc-' - points as shown in Figure 3*2. The 
cylindrical tank was fixed with Rohit (India) strain gauges (gauge length 20 ) . 
For all the specimens under test, deflection measurements at various critical 
points of interest were taken by means of deflection gauges with 0.01 accuracy. 

3 -3 Control Specimens 

The mechanical properties of the wire mesh and skeletal steel were 
determined from the standard tension tests performed on the Instron Testing 
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Machine with an automatic plotter. Typical load- deformation curves for the 
skeletal steel, ■■// - 19 and -44- 22 wire mesh are shown in Figure 3*5* 

The curves shown are the average of three specimens tested for each case. 
Fifty percent of the cubes, cast from each batch of mix, were tested for 
their compressive strength after 28 days and remaining fifty percent on the 
day the specimens were put to test. The rupture strength of mortar was 
determined from 7 days and 28 days beam tests (150 x 150 x 750 ) under two 
point loads. The relevant mechanical properties of the control specimens 
are given in Table 3*2. The Table 3*3 shows the mechanical properties of 
the control specimens for circular slab. 

3.4 The Test Setups 

3.4*1 Creep Setup (Figure 3*6) 

Six steady and compact setups were fabricated in the laboratory to 
perform flexure creep tests on slabs. These setups consisted of two plane 
rectangular frames made from rolled channel sections welded together. These 
frames were interconnected by a heavier channel section to give a clear span 
of 400* To make the setup more stable, the four legs of the setup were 
firmly embedded inside the concrete pedestals. The heavier channel section 
supported the lever arrangement ( 1 s 1 1 ) . A dead load system was used for 
loading the slabs. The slabs tested under flexure creep were clamped at 
two ends and free at the other two. The slabs were subjected to a central 
line load. To avoid eccentricity in loading, the load was applied through 
a steel ball. The setups were also provided with an arrangement to fix up 
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dial gauge for measuring the central deflection to an accuracy of 0.-01 . 

Prior to clamping the ends, the slabs were properly levelled and centred. 
Plaster of paris and coir mats were used for transferring uniform pressure 
at the ends which also helped in avoiding cracking of slabs due to tighte- 
ning of bolts. All the tests were performed at room temperature. To account 
for shrinkage, temperature and humidity etc., one of the slabs under test 
was kept free from load and the changes in the dial gauge reading with time 
noted. 

3.4*2 Fatigue and Static Test Setup. (Figure 3*7) 

Both, the fatigue and the static tests were performed on the same 
setup. The setup consisted of two rigid abutments fixed firmly to the 
structural reaction floor by means of 50 0 studs. The abutments had c/c 
span of 500 and a clear span of 385 to receive the slab vertically. The 
slab specimens were clamped to the abutment, as shown in Figure 3*7 by means 
of 10 0 bolts and rigid rolled steel channels. It was observed during the 
first two tests that two 10 0 bolts on each end were not sufficient to 
create perfect damped ends under pulsating loads, hence a modification was 
carried out to clamp the slabs firmly. This was achieved by tightening the 
slab between two flanges of the channels by means of two 12 0 IT hooks at 
each end of the slab in addition to two 10 0 bolts. 

A laboratory fabricated (lab-fab) pulsating jack, capacity 4000 kg., 
was fixed to the reaction girder bolted to two rigid abutments which were 
firmly fixed to the structural floor. The Figure 3*8 shows that the test 
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setup. This setup had two advantages. Firstly, a clear view of the tension 
side to observe the crack propagation was available and secondly the effect 
of self weight of the slab was avoided. The slabs were tested under a 
central line load. To avoid eccentricity in loading, the load from jack to 
slab was transferred through a lab-fab ball and socket arrangement. 

The jack was connected to SC-10 Reihle Fatigue Testing Machine, which 
is single acting and can be used for fluctuating loads only. It consists 
of a combined pulsator and console unit. The machine has ten output hydrau- 
lic channels which can be connected to universal test cylinders of various 
capacities . The action of the pulsator is to increase the volume of the 
system on its down stroke and to decrease in the upward cycle. The frequency 
of load oscillation is controlled by a potentiometer. The operating fre- 
quency is indicated by a tachometer on the console which is electrically 
connected to a generator on pulsator drive. The pulsator drive transmits a 
pulse for each ten cycles of operation to electric cycle counter mounted on 
the console. The pulsator is provided with a self lubricating system which 
supplies pressure to release a self setting band type brake applied on the 
flywheel. This brake brings pulsator to stop quickly after the failure of 
the test specimen and causes machine to shut it self down. 

The test specimens fixed to the setup were subjected to mohotonically 
increasing loads in small increments and central deflection recorded through 
a deflection gauge with 0.01 accuracy. Deflection measurements were also 
taken at the clamped ends of the slab to check the rigidity of supports. 
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3.4*3 Biaxial End Moment Setup (Figure 3-9) 

A special loading and supporting system was constructed for testing 
slab specimens under uniaxial and biaxial end moments. The main object was 
to eliminate undue influence from the load and the support during the stage 
at which test specimens would have significant deformations. In other words, 
the object was to maintain full control over the boundary conditions at all 
stages of loading. In addition to the advantages mentioned above a clear 
view of the tension side of the test specimen was available and hence, the 
development and propagation of cracks under loads could be observed conve- 
niently. 

The setup consisted of a square welded frame of size 600 x 600 made 

from rolled I-sections. 600 long pipe segments were welded to the top 

flanges of frame to receive a number of 30 0 smooth roller bearings in 140 

lengths. The roller headings were greased to reduce the fiictional effects. 

This frame was bolted to two rolled I-sections resting on four rigid concrete 

column supports of 250 x 250 x 750* The slab specimens were properly centred 

* 

over the square welded frame so that the test area rested on the roller 
bearings. Through the holes in the loading areas on each side of the specimen, 
two 12 0 rods with hinges to permit rotation were connected to the angle iron 
box girders which in turn were connected through 16 0 rods, studded at both 
ends, to rigid box girders underneath the structural floor. The girders 
supported Simplex remote control hydraulic jacks of 10-30 ton capacity. The 
jacks were connected to the Reihle (280 kg/cm pressure capacity, eight 
dials and four channel output) load measuring equipment. The slabs were 

TA and LA shown in Figure 3-1 are referred to as test areas and 

loading areas respectively for clarity. 
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tested under monotonically increasing loads and deflection readings noted 
for each increment to an accuracy of 0.01. The deflection gauges were 
fixed at strategic points on the specimen and also underneath the rigid 
supporting system. Figure 3*10 shows a test specimen under test. 

3 . 4.4 Circular Slab Setup 

A simply supported edge condition was achieved by resting the circular 
slab on a circular ring of mild steel 20 0 rod welded to a narrow annular 
steel plate. The narrow annular steel plate rested on the rigid support 
made from rolled steel channels. The slab specimen properly centred over 
the support was subjected to a central punch load through boss by means of 
a hydraulic jack and load was measured by 5 ton proving ring. The loaded 
specimen is shown in Figure 3 •11 • The deflections at the fifth points along 
the diameter of the slab were measured by dial gauges and the strain gauges 
readings taken by strain meter for every increment of load. 

The detailed testing procedures, analysis of test results and 
discussions are presented in the chapters that follow. 
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Table 3*2 - Properties of Control Specimens (Mean Values) 


Cube crushing strength of mortar 
Initial tangent modulus of mortar 
Rupture strength of mortar (beam test) 

Yield strength of 6.6 0 bar 
Yield strength of //: 19 gauge wire 
Yield strength of ■//■- 22 gauge wire 

Ultimate strength of 6.6 0 bar 
Ultimate strength of f'f~ 19 gauge wire 
Ultimate strength of.//:: 22 gauge wire 

Modulus of elasticity of 6.6 0 bar 
Modulus of elasticity of //- 19 gauge wire 
Modulus of elasticity of .//:. 22 gauge wire 


350 kg/ cm 2 

240 x 10 4 kg/cm 2 
2 

35*6 kg/cm 
2612 kg/cm 2 
2830 kg/cm 2 
3538 kg/cm 2 
3600 kg/ cm 2 
5268 kg/ cm 2 
5484 kg/ cm 2 

2 x 10^ kg/cm 2 

0.8 x 10 6 kg/cm 2 

6 o 

0.8 x 10 kg/cm 
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Table 3*3 - Properties of Control Specimens for 

Circular Slab (Mean Values) 


Cylinder crushing strength of mortar 

Poisson's ratio of mortar 

Initial tangential modulus :of 'mortar 

Tangent modulus of mortar at 5 strength 

Tensile strength of mortar (Brazilian test) 

Yield strength of wire 

Ultimate strength of wire 

Modulus of elasticity of wire 

Yield strength of 6 0 bar 

Ultimate strength of 6 0 bar 

Modulus of elasticity of 6 0 bar 


575 tg/cm 2 
0.185 

30.9 x 10 4 kg/cm 2 
23.56 x 10 4 kg/ cm 2 
34*17 kg/cm 2 
2180.18 kg/cm 2 
3755*53 kg/cm 2 
96.70 x 10 4 kg/cm 2 
2756.87 kg/cm 2 
4008 .72 kg/cm 2 
210.98 x 10 4 kg/cm 2 
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Figure 3-4 Reinforcement for Biaxial Moment Slabs 






1. Rectangular welded 
plane frame 

2. Interconnecting channel 

3. Test specimen 

4. Loading lever (T) 

5. Dead load / 

6. Concrete . 

pedestal ' 

7 . Dial gauge 

8. Clamping 
channel 

9. Balancing p 

weight ^ 


f' ; p ^ ( 
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Figure 3*8 Fatigue and Static Test Setup 




Figure 3-10 Biaxial End Moment Setup with Specimen 
in Position 



CHAPTER IV 


CREEP 

4.1 General 

A material, when subjected to load undergoes deformations The 
strains recorded instantaneously during the application of load are termed 
elastic and those occuring with time are known as creep. Creep can thus be 
defined as the increase in strain under sustained stress and since this 
increase can be several times as large as the strain on loading, creep is 
of considerable importance in structural mechanics and design. 

In order to fulfill the basic desiderata of design* safety,, servicea- 
bility and economy, the influence of creep on the strength and behaviour of 
entire structure must be clearly understood. To achieve this, the designer 
should be able to estimate the creep strains fairly accurately. The enhanced 
interest in design for creep in recent years is due to the use of more 
advanced conoepts which result in shallow structures and to the fact that 
more complex structures are being designed. Furthermore, use of thin slabs 
and shells of material like ferrocement in structure may lead to excessive 
long term deformations and to cracking if time effects in design are not 
properly taken into account. 

4.2 Creep of Ferrocement 

Creep is a material property and, hence, its characteristics axe 
greatly influenced by its basic ingredients. Ferrocement, a composite 
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material, comprises mortar and fine wire mesh as basic materials. 

In a strain time curve for mortar, the strain at time zero is 
primarily elastic, thereafter there are three stages of creep. In the 
primary range the rate of creep decreases with time. The secondary range 
designates the range of steady state creep. The tertiary creep may or may 
not exist. For instance in concrete or mortar, this may arise from an 
increase in microcracking at high stresses. The creep and elastic defor- 
mations have been observed to be essentially proportional upto usual working 
loads and under over loads this proportionality no longer holds. 

A crude estimation of long team deflection is made by assuming the 

modulus of elasticity as one third of the instantaneous modulus of mortar. 

For reinforced structures, ACI Building Code ( 63 ) recommends that additional 

long team deflections may be obtained by multiplying the immediate deflection 

caused by sustained part of the load by 2.0 when A* (compressive steel) = 0, 

s 

1.2 when A* = 0.5 A (tensile steel) and 0.8 when A f = A . 

s s s s 

Ferrocement uses high strength rich cement mortar with low water- 
cement ratio. The influence of various factors on the creep characteristics 
of mortar is reviewed for a better understanding of creep of ferrocement. 

4.3 Factors Influencing Creep of Mortar 

In most of the investigations creep has been studied empirically. 

It is difficult to interpret many of available data due to the fact that in 
proportioning mortar, it is not possible to change one factor without 
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altering at least one other. For' instance, the richness and the water 
cement ratio of a mix of given wo xk ability may vary at the same time. 

Certain influences are, however, apparent. 

For a given mortar, the lower the relative humidity, creep is 
higher. The influence of relative humidity is much smaller in the case 
of specimens which have reached hygral equilibrium with surrounding 
medium prior to application of load ( 64 ). 

When microcracking occurs in mortars, the creep behaviour also 
changes. Since mortars are less grossly heterogenous than concrete, 
proportionality between creep and stress strength ratio is exhibited in 
mortars upto a higher limit of 0.85 which in case of concrete is only 0.6. 

It has been observed that although mortar is a brittle material, a rich 
mix of mortar has ability to heal up fine cracks which may occur due to 
loads. When microcracks occur, the incomplete hydrated surface comes in 
contact with moisture and when the hydration is complete the crack is partly 
knitted together. 

The strength of mortar has significant effect on creep. Creep is 
observed to be inversely proportional to strength of mortar ( 65 ). From 
the influence of strength on creep it follows, that creep under a given 
stress is closely related to the water-cement ratio of mix, but for the 
same stress- strength ratio, creep is sensibly independent of the waters 
cement ratio. 

The magnitude of creep is appreciably influenced by the age at which 
load is applied. This may be due to increase in strength of mortar with age(66). 
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Water reducing and set retarding admixtures have been observed to 
increase the creep of mortar (67) but not in all cases. Usually some worka- 
bility agents like pozzalona, Plastel II etc. are used in ferrocement, the 
effect of which on creep should be thoroughly investigated before use. 

It. has been concluded from experimental results that creep decreases 
with an increase in the size of the specimen, the reason for which can be 
attributed to the effects of shrinkage. 

Arnstein and Reiner (68) concluded that increasing the aggregate 
content reduced the rate of creep of mortars but increased that of concrete. 

L’ Hermite (69) reported that the creep of rich mortar is, however, increased. 
Neither Arnstein and Reiner's nor L' Hermite' s statement has been confirmed. 
Based on the test results, Lorman (70) reported that quantity of cement was 
not found to be significant factor in creep. Ishai (71 ) stated that in 
mortars the magnitude of creep increased with an increase in sand concen- 
tration. But it appears that the mix used by Ishai contained a large volume 
of voids due to lack of cement paste which affected the strength adversely 
and hence more creep was observed. 

de la Pena ( 72 ) from a series of tests on mortar specimens found that 
higher the cement paste content, the higher the creep and that replacing 
one part of cement by one part of sand decreases creep in direct proportion. 

Prom the foregoing discussions, it is difficult to draw conclusions 
regarding influence of a few factors on creep of mortar since the findings 
of different investigators are contradictory. Neville ( 73 ), Neville (74) 
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(r ~\ hsve critically reviewed the studies of 
and Troxell , Davis and Kelly ( 75 / 

-p mn-rtar in their hooks, 
various investigators on creep ox 

. n-rpev of Ferrocement 
4.4 Influence of Reinforcement on 

^•^fn-rced concrete or mortar, without com- 
It is observed that for rexn 

, . . _ _•„ 0.5 to 3.0 times of elastic defle- 

pressive steel, the final deflection is 

. n - n the form of mesh is well dispersed 
ction. In ferrocement reinforcement m 

■ nrl «nd tension it is equally reinforced. 

inside the matrix, i.e., in compression ana 

, . j in article 4*2, the creep deflection and 
For such a case as already mentioned m arci 

L . raduced considerably. However, at stresses 

compressive creep strains are reuuvc 

.. ferrocement, the creep is expected to 

higher than the cracking strength oi xexx 

p -pH r\p wire meshes . 
be more due to the presence 01 no« 


4.5 Creep-Time Relationships 

. .. + .. me under load follows a definite pattern. 
The progress of creep with time w 

4.-^o+pr=! have suggested numerous mathematical 
Because of this, various investi 0 at 

, , . mv-ip various empirical relations, viz., 
expressions relating creep and time. The va 

, . i nr power functions hold only for 
hyperbolic, logarithmic, exponential 

•Po-r which the formulae have been derived. 

concrete/mortars similar to those 

- * oc+imate of creep for design purposes can be 

But, however, an approximate estima 

^ nvi1 _ i O 0-arithmic and hyperbolic relations 
made from experimental data. uni / 0 

nn fit for the specimens tested under 

were observed to give a better reg 


flexural creep 
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4.6 Hyperbolic Relation 
Ross ( 76 ) introduced the relation 

t 

° ~ A + Bt 

where c - the creep, 

t - the time under load, in days, and 
A and B are constants. 

The equation ( 4.6 .l) can be rewritten in the form 

- - A + Bt ... (4.6.2) 

c 

which is a straight line of slope B and intercept A on the t/c axis. A and 
B are obtained from experimental results. While attempting a straight line 
fit, the line should be made to pass through the points at later ages, since 
there is some deviation from the straight line during early period of appli- 
cation of load. Lorman ( 70 ) also gave a similar relation. 

4.7 Logarithmic Relation 

Based on an extensive study of creep, U.S. Bureau of Reclamation (77) 
has developed a creep expression with the assumption that rate of creep is 
inversely proportional to time, i.e., 

dc _ F(k) 
dt ~ t + A 


. . . (4.6.1) 


(4.7.1) 
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where A - a constant to provide for time shift, 

k - the age at loading, and 
F(k)',,— a parameter. 

F(k) is obtained experimentally and represents ratio of creep with logarithm 
of time. The solution of equation (4-7-1 ) » after introducing initial condi- 
tions of c=0 when t=0 is given by 

c = F(k) In (|+ 1) ... (4-7-2) 

In above expression A is usually taken as 1 . 

4-8 Test Procedure 

The test setups used have been described in Chapter III. Slabs with 
two opposite edges damped and other two free were subjected to a central Un- 
load parallel to the clamped edges. The loads were applied gradually and 
deflection readings on the instantaneous application of load taken. Initially 
the deflection readings were noted at • very short intervals for a couple of 
days and subsequently the same were noted every alternate days. The develop- 
ment of microcracks at the time of application of load and also with time 
were observed and noted carefully. 

The Tables 4-1 through 4*3 summarise the results of the twenty slabs 
tested under creep. The slabs have been tested for a period of 45 to 90 days. 
It has been observed that to make a reasonably good estimate of creep strains, 
experimental studies for a period of 45 bo 60 days are bare minimum. The 
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observed creep-time relationships for twenty slabs tested have been presented 
in Figures 4*1 through 4 * 20 . 

Shrinkage and creep are twin phenomena and principle of superposition 
does not hold in this case. But if test specimens have attained maturity 
before putting them to test, strains due to shrinkage are minimised. The 
effects due to temperature, shrinkage, humidity were corrected for by data 
from an unloaded control specimen kept under similar conditions. 

In order to study the effect of previous load history on creep, loads 
for a few slabs were increased after a few days of creep. At the end of the 
test while unloading, the instantaneous elastic recovery and the permanent 
set of the specimen were noted. These specimens were tested to collapse under 
similar end conditions as for creep^to compare the load carrying capacity of 
such specimens with virgin specimens. 

4»9 Discussion of the Test Results 

Creep-time plots shown in Figures 4*1 through 4.20, indicate that for 
specimens subjected to sustained stresses less than the cracking stress of 
ferrocement (35 kg/cm ), creep increases at a decreasing rate and attains 
steady state. Whereas for specimens subjected to apparent stresses higher 
than 35-40 kg/ cm , steady state is not reached in 45 to 50 days. It is 
obvious from Figures 4*7 and 4 .8 that creep rates are less for specimens 
which have been subjected initially to sustained loads for 30 to 45 days. 

This gives an indication that previous load history has an appreciable 
influence on the creep behaviour of the specimen. The reason for which 
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may "be attributed to the resetting of the molecules under sustained load 
which results in the compaction of the specimens. 

It is obvious from Figurec 4*21 in which 15, 30 and 45 days creep 
for 4c specimens have been drawn against loads, that the load creep rela- 
tionship is not linear. For concrete specimens this relation has been 
observed to be lineari The Figure 4*22 shows 30 days creep for 4c, 6c and 
8c specimens plotted against apparent tensile stress. It is obvious that 
at stresses upto cracking stress of f erro cement , the creep is linearly pro- 
portional and there is no effect of reinforcement percentage. But for 
stresses higher than the cracking stress of ferrocement, the creep increases 
at a faster rate and percentage of reinforcement has an appreciable influence. 
Creep decreases with increase in percentage of reinforcement . 

The hyperbolic and logarithmic fits give a good estimation of creep 
as shown in Figures 4*23 through 4.2-T 7 . It is obvious from these figures that 
the hyperbolic creep expression gives a better fit. The Table 4*4 gives the 
hyperbolic and logarithmic equations for all the test specimens obtained from 
leadt squares fit. The slopes of logarithmic fit have been plotted against 
stress levels as shown in Figure 4*2B, which clearly indicates that creep 
slopes increase linearly upto cracking stress and thereafter at a faster rate 
which is obviously due to the development of cracks and creeping of wire mesh. 
The reasons for wide spectrum of points in Figure 4*2® may be attributed to 
the percentage of reinforcement f variation in compressive strength, and age 
at loading which varied from 50 to 150 days as shown in Tables 4*1 through 
4*3* 
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The effect of age at loading on the creep is quite appreciable. This 
may be attributed to the gain in strength and increase in modulus of elasti- 
city with time. It was observed that control cubes tested 150 days after 
casting showed an average increase in strength upto 4-0$ Over 28 days cube 
strength . 

The strain variations on unloaded control specimen over a period of 

_5 

eight months were observed to be very small with a maximum strain -of 10 . 

This may be because of the fact that specimen was kept absolutely under dry 
condition after curing it for 28 day's and the age at the time of putting it 
under test was 15O days approximately. 

The creep specimens after unloading were tested to collapse. It was 
observed that in general they withstood 10-1 5 percent higher collapse loads 
compared to their virgin parallels. The reasons for this are attributed' -• 
to gain in mortar strength with age and also compaction of the specimens at 
low sustained loads. 

It is obvious from the test results that it is practically difficult 
to study the influence of a particular factor on creep, in isolation. When 
one factor varies, it affects one or many other factors simultaneously. 
Further discussion of the test results has been presented in Chapter VIII. 



Table 4*1 - An Overview of Creep Test Results for 4c Series 
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Table 4*2 - An Overview of Creep Test Results for 6c-Series 
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Table 4*4 - Logarithmic and Hyperbolic Creep Fits 


Sp ecimen 

Ho. 

Load 

kg 

Equations 

c . C + D In (t+l) 

t/c = A + Bt 


4 C 1 

110 

o = 0.002 + 0.0201n (t+l) 

t/c = 100.217 

+ 9 * 77 t 

* 

4c 1 

330 

c = O.O46 + 0 . 0621 n (t+l) 

t/c = 13.8 

+ 3 « 58 t 

4c 2 

440 

c =- 0.23 + 0 . 8101 a (t+l) 

t/c = 3*28 

+ 0.26t 

4 c 3 

220 

c = 0.04 + 0.0901n (t+l) 

t/c = 14.52 

+ 2 . 28 t 

4 c 4 

380 

0 =-0.12 + 0.4701n (t+l) 

t/c = 4 4.90 

+ 0.48t 

6 cl 

110 

c = O.O55 + 0.0271n (t+l) 

t/c = 78 .6 

+ 7.0 t 

6c2 

220 

c = 0.030 + 0.0271n (t+l) 

t/c = 36 .8 

+ 6.10t 

, * 
6c2 

515 

c = 0.048 + 0.13 In (t+l) 

t/c = 11 .38 

+ 1 - 55 t 

6 c3 

220 

c =- 0.024 + 0 . 0491 n (t+1+ 

t/c = 68.55 

+ 4 . 29 t 

6 c 4 

515 

c- — 0.37 + O.48 In (t+l) 

t/c = 10.1 

+ 0.4it 

6c5 

585 

c = 0.03 + 0.28 In (t+l) 

t/c = .6.5 

+ 0 . 75 t 

6c6 

380 

c = O.O35 + 0.35 In (t+l) 

t/c = 4.9 

+ 0.6lt 

8c1 

220 

c = 0.088 + 0.04 In (t+l) 

t/c = 38.0 

+ 5 * 06 t 

* 

8c1 

440 

c = 0.008 + 0.02 In (t+l) 

t/c = 39-0 

+ 8.04t 

8c2 

590 

c = O.O58 + 0.20 In (t+l) 

t/c = 7.9 

+ i.oit 

8 c 3 

330 

c = 0.05 + 0.14 In (t+l) 

t/c = 6.71 

+ 1 »86t 

*■ 

8c3 

700 

c =- 0.064 + O.43 In (t+l) 

t/c = 5.65 

+ 0 , 48 t 

8c4 

545 

c = 0.1 + 0.25 In (t+l) 

t/c = 5.27 

+ 0.83t 

8 c 5 

424 

c = 0.003 + 0.33 In (t+l) 

t/c = 5.6 

+ 0.65t 


Same sample under increased load. 








Age at loading-/u days 

Elastic deflection- 2.38 
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Thickness-30.0 
Age at loading-70 days 
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Time Relationship for 8C3 
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Creep -Time Relationship for 4C4 
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Age at loading -155 days 

o Load - 220 Kg 
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Elastic deflection - 0. 25 
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Figure 4.7- Creep-Time Relationship for 6C2 
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Age at loading -15 J days 

o Load -220 Kg 

Apparent tensile stress-33.4Kg/c 
Elastic deflection-0.14 
& Load- 440Kg. 

Apparent tensile stress-59.4Kg 
Elastic deflection-0.90 


30 4.0 
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Age at loading -110 days 

Elastic deflection-0 76 

* ' ■ . ' 1 . • . ■ "■ . 

Thickness -30.0 

Apparent tensile stress-53.0 Kg/c 


ationship for 8C4 


Load- 220Kg 
Age at loading-95 days 
Elastic deflection-0.76 
Thickness- 25.0 

Apparent tensile stress-35.8Kg/cm 2 


30 40 

Time, days 


igui e 4.13 - Creep-Time Relationship fo r • 4C3 
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Load- 700Kg 
Age at loading-ISOdays 
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Load -6! 
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T i me- days 


Figure 4 19 -Creep - Time Relationship for 8C6. 
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Figure4.28- Apparent Tensile 







CHAPTER V 


FATIGUE 


5»1 General 

Fatigue is a process of progressive permanent internal change in 
material subjected to repetitive stresses smaller than the static strength. 
These changes may be damaging and result in progressive growth of cracks 
and complete failure if stress repetitions are sufficiently large. Fatigue 
strength is influenced by the range, rate, eccentricity and history of load- 
ing besides material property and environmental conditions. Even for metals, 
experiments indicate that some crystals in a stressed element reach their 
limit of elastic action sooner than others, and eventually after many repe- 
titions of stress, some minute 'elements rupture. This phenomenon results 
in' progressive fracture and complete failure.Somewhat similar conditions 
occur in concrete. It appears reasonable to explain fatigue through fracture 
mechanics as it is an energy absorbing phenomenon which accumulates with each 
cycle of loading. 

5.2 Griffith's Criterion for Rupture 

Griffith (6) attacked the problem of rupture of elastic solids from 
energy approach. The criterion for rupture of linearly elastic brittle 
material in which crack exists prior to the application of load states that 
the crack will propagate spontaneously if the elastic energy release due to 
unit increase in the crack area is at least equal to the surface energy 
absorbed by the newly formed surfaces of the crack. Mathematically the 



hypothesis states that 
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i3ij 


ojl 

2>a 


(5*2.1) 


where 2a - the length of existing crack or flow, 

TJ - the strain energy due to crack and 

W - the surface energy absorbed by the surfaces 
of the crack. 

For a plane stress problem with an infinite plate of unit thickness subjected 
to uniform tensile stress a , with an elliptic crack length 2a existing, as 
shown in Figure 5*1 » the elastic energy is given by 


U = 


2 2 

Tea a 

E 


. . . ( 5 - 2 . 2 ) 


where 


E - the Young's modulus of the material. 


The surface energy is given by 


= 4Sa 


(5-2.5) 


where S - the specific surface energy of the material. 

In view of equation (5.2,1 ), equations (5.2.2) and (5.2.3) yield 


S = 


2 

no a 
2E 


(5.2.4) 


A plot of equations (5*2.2) and (5*2,3) against crack length is shown in 
Figure 5*2 in which the slope of strain energy at X is equal to the slope 
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of the surface energy. It is obvious that for point beyond X, the crack 
is unstable, since increase In the released strain energy due to increase 
in crack length vri.ll be more than the increase in the surface energy for the 
crack length. It is obvious from equation ( 5 . 2 . 4 ) that if crack or flaw 
length is very small, the strength of material will be very high . But the 
relation has its limitations since, for zero flaw length, the theoretical 
strength is infinity, which is not true. However, equation (5*2.4) suggests 
that if a brittle material like concrete has no flaws, its tensile strength 
would be equal to compressive strength . For convenience the left hand side 
of equation (5*2.2) is designated by G and the critical value of G for which 
unstable crack extension takes place is denoted by G . In view of the fore- 
mentioned notations 

9 G ...(5.2.5) 

G q is also termed as the 'fracture toughness* of the material. 

Irwin (78) and Orwan (79) extended the Griffith criterion for crack 
extension in the brittle materials to ductile materials by considering wocric 
associated with the plastic flow at the tip of the crack. The criterion for 
the crack extension in the ductile material may be given by 

tl = zl + • * * (5-2-6) 

where V - the work done due to plastic deformation. 

The second term of the right hand side of equation (5.2.6) is much larger 
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than the other term for ductile materials and hence the length of crack 
required for unstable propagation is much more when compared to brittle 
materials. Narayan Swamy (80) advanced a very general form of energy 
balance criterion for crack propagation written as follows 

- A [f/a) + f 2 (a,cr, t, 6) + f 5 (a 2 , cr 2 , E 2 , a 2 ) 

- f 4 (a) - f 5 (a 2 , cr 2 )] ...(5.2.7) 

where f - the surface energy, function of cracjE 

length , 

f^ - the time- depen dent irrecoverable deformation, 
function of crack length a, stress level CJ f 
time t and other parameter 6 , 

f^ - the kinetic energy of crack propagation 
dependant on a, the crack velocity, 

f^ - the energy at stress concentration and 

-ft- - the energy of the applied stress field. 

Sneddon (81 ) considered the elastic analysis and then related the Griffith 
problem of a penny shaped crack and helped to disclose the fact that the 
elastic stress field in the neighbourhood of a crack can be represented by 

”±i - ^ K 1 f « < 0)+K 2 <s («) +K 5 f ij (e) 

"t* • • • 


other non-singular terms 


( 5 - 2 . 8 ) 
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wh ere 3 . . 

3-0 


K 1T K 2' K 3 “ 


r, 0 - 


12 3 

f. . ,ff . ,f . . 
a-J 10 10 


the stress components, 

the stress intensity factors of the dimen- 
sions psi Jin, 

the coordinates characterising the location 
of the point at which stress field is sought 
and 

the scalar functions of 0. 


The equation (5-2.8) reflects readily the so called crack tip singularity and 
, K 2 and E^ are consequently known as stress intensity factors which are 
dependent on the Young's modulus and crack length. The evaluation of , Kg 
and K^ in any particular problem is adequate to characterize the stress field 
around the crack tip as far as fracture problems are concerned. The litera- 
ture on fracture mechanics has been critically reviewed by Rao (82). 


5*3 Concrete - Fracture Mechanics 

The concept of largest flaw size for determination of tensile strength 

of concrete appears to be reasonable since the concrete of rich mixes and 

better composition gives much improved tensile strength. Since the fracture 

toughness, G of concrete is very low, concrete is a very flaw sensitive' 
c 

material. The crack length required for its unstable propagation under a 
given stress condition is very small. Microcracks or flaws do exist in 
concrete or mortar even at no loads. These facts give strong hold for the 
application of fracture mechanics to study the important properties of 
concrete like tensile strength, fatigue strength etc., as the Griffith 
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theory assumes an initial crack for the material failure. However, due to 
the nonhomogeneity of concrete/mortar, the theory is to be modified. 
Glucklish (85) suggested a nonlinear energy absorption curve, as shown in 
Figure 5 *3 » for concrete to account for its nonhomogene ous nature. The 
propagation of cracks in this case is intermittent. As shown in Figure 5«3» 
when the stress is sufficiently large for a crack Sq to propagate, it 
extends to a^ , where the energy requirement is changed and thus the stru- 
ctural element can take more stress with crack length and it continues 
till the stress level is sufficient to make the strain energy release rate . 
at least equal to the rate of the surface energy at that particular crack 
length . 


5»4 Fracture Toughness of Concrete 

Kaplan (84) applied the fracture mechanics to concrete with great 
success assuming that there is no plastic flow around the tip of the crack. 

Two independent analytical methods for determination of G were developed. 

c 

It is reported that the values of G c so found differ considerably from the 
experimental values reported by Romualdi and Batson (10). Kaplan reported 
the value of G equal to 0.1 in Ib/in by one method and 0.01 in lb/in by 
other method, whereas value reported by Romualdi and Batson was 0.03 to 0-.07 
in lb/in^. 

5*5 Application of Fracture Mechanics to Ferrocement 

Romualdi and Batson (85) were perhaps the first to apply fracture 
mechanics concepts to study the improved behaviour of concrete under tensile 
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loads. They observed simil arity between riveted stiffness in a plate and 
reinforcing bars in concrete. This has already been explained in Chapter I. 
The application of fracture mechanics to concrete shows the need for its 
improving fracture toughness. This is achieved by reinforcing concrete with 
very closely spaced, thin wires of high modulus dispersed throughout the 
matrix. This not only improves the fracture toughness, but also the crack 
arrest mechanism. The thin wires located normal to the plane of crack create 
a differential strain between two materials. Consequently, shear force along 
the stiffer element will tend to prevent the crack opening as far as bond fore 
forces along stiffer elements are not exceeded. These forces produce a stress 
intensity factor of magnitude which has an opposite sense, to the stress 
intensity factor IQj due to uniform tensile stress O . Thus the total inten- 
sity factor is given by 

E t - Sa.-Kfa 

The reformulated crack propagation condition is now 

K c * * * < 5 * 5 * 2 ) 

where K^, the critical intensity factor is a material property of the ferro- 
cement composite to be determined experimentally. 

The inelastic behaviour of a specimen under pulsating loads is due to 
the presence of cracks. Also the inelastic : strainer increases with increase 
in crack width.' With increasing number of load cycles, extra elastic energy 


. • • ( 5 . 5 . 1 ) 
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is stored. Thus, the criterion for the fatigue failure can be laid similar 
to the Griffith criterion for tensile stress field as the strain energy 
stored during a fatigue test, in specified number of load cycles, for unit 
increase in crack length must be at least equal to the surface energy of the 
newly formed surfaces. It is very difficult to measure the surfaces formed, 
by microcracks in concrete or mortar. The inelastic strain due to this 
increase in crack length may be very small, but the cumulative effect of 
this additional small amount of strain energy at each cycle will be large 
enough for small loads to cause failure. It is also obvious that more the 
G greater will be the fatigue strength. 

Q 

5 .6 Fatigue Strength of Concrete 

The influence of various factors on the fatigue strength of concrete/ 
mortar is briefly reviewed here. The detailed descriptions are given in 

Recommendations of AGI Committee (86), Neville (74) etc. The fatigue strength 

7 

under compressive, tensile or flexural load for 10 cycles is observed to be 
55 percent of the static strength. The frequency of loading between JO to 
1000 cycles per minute has little effect on the fatigue strength. Most of 
the permanent deformation takes place in the early stages of test, usually 
the first few thousand cycles. The secant modulus of elasticity decreases 
with repeated loads. It is reported that as the range of stress is decreased, 
the upper limit of stress is increased substantially. 

The design for fatigue is facilitated by -use of modified Goodman (87) 
diagram as illustrated in Figure 5*4- It is based on the observation' that 
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fatigue strength of concrete is same whether the mode of loading is tensile, 
compressive or flexural. The range of loading has definite effect on the 
strength as indicated in Figure 5*4* For zero minimum stress, level, the 
maximum stress the concrete can support for one million cycles is 5^ of the 
static strength. As the minimum stress level is increased, the stress range 
that concrete can support decreases. 

Cyclic loading below the fatigue limit improves the fatigue strength 
of concrete and it is observed that it exhibits higher static strength. The 
fatigue strength of concrete is increased by rest period . The increase is 
proportional in first 1 to 5 minutes, beyond which there is no increase. 

For specimens subjected to random cyclic loads, Miner's hypothesis 
(80) states that 

> (ir ) = 1 • • ■ (5-6.1) 

- r 

where n^ - the number of cycles applied at a particular 

stress condition and 

- the number of cycles which cause fatigue 
failure at the same stress condition. 

If the upper stress level is below the fatigue limit, the stress-strain 
curve indefinitely remains straight and failure does not take place within 


the specified limit. 
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5.7 Test Procedure 

The fatigue strength of slabs, clamped along two opposite edges with 
the other two free, were determined from central pulsating..li ne loads oapplied 
parallel to the clamped edges. The details of the test setup and fatigue 
testing machine are described briefly in Chapter III. The loads were applied 
to test specimens in monotonically increasing order in increments of 80 kg 
to a predetermined upper load level for each specimen and the midspan defle- 
ction reading noted for each increment of load. The upper load limit of the 
pulsating loads for different test specimens varied between 60-90$ of the 
ultimate load carrying capacity of the slabs tested under similar conditions. 
The load levels at the first visible cracks were noted carefully. The lower 
load limit of the pulsating loads for all thirty six slabs tested was kept 
at 440 kg due to the machine constraints as laid down in the operating manual. 
The machine was operated six to eight hours a day. The increase in the 
fatigue strength, if any, due to rest period is assumed to be uniform for all 
the specimens. All the specimens were tested at a load pulsating. frequency 
of 500 cycles/minute. For the first thirty minutes, at the start of the 
puls at or, the frequency was maintained at 220 cycles/minute.. 

The incremental fatigue deflections at the end of each day and reco- 
very in deflection over the next day were noted carefully. A few specimens 
were subjected to pulsating peaks, equivalent to 10-15$ of the ultimate load, 

' ' j| ' I ' , IS ; ||i %, ' : ,, ■ ■ ■ • ' ! ’ ■ ' - . 

every six hours for a period of 60-120 seconds. Those specimens, which 
did not fail under pulsating loads upto prefixed number of cycles, were 

.. \ l W. : 3 : v '. 

tested to collapse under static load. 
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The Tables 5*1 through 5*3 summarise the results of the fatigue test 
series. The deflection-load cycle relationships for some typical test speci- 
mens are shown in Figures 5*5 through The single cycle load-deflection 

curves' and load-deflection hysteresis loops for a few typical specimens have 
been presented in Figures 5 •11 through 5*15 and mid-span deflection -log 
cycle plots for a few typical specimens in Figure 5*1^'« 


5.8 Discussion of the Test Results 

It was observed that although, the change in linearity in load-defor- 
mation curve occurred at load levels of 250-400 kg, the visible craGk at the 
midspan or along the clamped edges was observed between 480 to 64 O kg. This 
delayed appearance of cracks is attributed to the effective crack arrest 
mechanism of ferrocement . 

The Figures 5*5 through 5 •© indicate that the residual deformation: 
grows with the number of cycles until it reaches a stable condition and again 
it is observed to increase with load cycles till the failure occurs. This 
peculiarity was observed for the specimens subjected to low upper loads which 
caused endurance limit in the range Cf 1 to 3 million load cycles. Those 
specimens which failed within 10^ cycles, exhibited a continuous increase 
in the residual deformation and also in deformation at upper load level. 

The residual deformation is termed as fatigue creep in the literature. The 
specimens were observed to recover some percentage of the residual deforma- 
tion over the rest period. The fatigue deformations under pulsating loads 
decreased with an increase in the age at which load was first applied. 
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This characteristic was observed to be similar to the behaviour of specimens 
under sustained loadings presented in Chapter IT. The increase in total 
fatigue creep was greater for the specimens subjected to higher ranges of 
load. The kinks in the fatigue creep curves of Figure 5«l6 are due to change 
in upper load levels or formation of additional microcracks. The deflection- 
cycles relationships are observed to be linear for slabs subjected to load 

, 6 Y 

levels less than the one that causes fatigue failure (2 x 10 cycles). 

The test results demonstrate that ferrocement has high resistance to 
repeated loading. It is of interest to note that the lower load limit of 
440 kg for all the specimens was approximately. 180, 150 and 130 fo of cracking 
load and approximately 40, 31 and of ultimate loads for 4F, 6F and 8F 
series (with 19 gauge wire mesh), respectively. The slabs were observed 

to develop quite wide cracks at upper load levels of 680 kg to 1200 kg under 
single cycle of loads. Even under these severe cracks, the specimens with- 

g 

stood upto 2 x 10 load cycles, clearly indicating that the closely spaced 
thin wires arrest crack propagation efficiently. 

The load-deformation curves, shown in Figures 5*11 and 5*12, become 
linear with increasing number of cyclic loading. The concavity of the load- 
deformation curves towards the load axis indicates how near to failure the 

specimen is. The Figure 5*1 2(d) shows load-deformation curve for specimen 

' ■ "6 ' ' ■ * ■" ■ ' ’ ■ 6 

8F3 at 1 .7O8 x 10 load cycles. The specimen finally failed at 2.12 x 10 

cycles. The stiffness of the specimens is observed to decrease, to a limited 
extent, due to repeated loads, but it stablizes after several repetitions as 
shown in Figure 5*1l(c) and 5*15* 
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The Figures 5*13 through 5*15 demonstrate that the areas under hyste*. 
rests loops decrease with the number of load cycles. The areas stabilise' 
after several load cycles, in case of those specimens which are not near 
the fatigue limit# The hysteresis loop areas again increase for those speci- 
mens which fail under pulsating loads * The difference between energy Stored 
during loading and the energy given up during unloading is dissipated in 
some manner during each cycle. Part of this energy causes microcracks to 
nucleate and macrocracks to feed on small surrounding cracks. 

A few specimens were subjected to peak loads of short durations (60 
to 120 seconds) to study the effect of the same on the fatigue loads.. These 
peak loads were in general 15% of the upper load levels. It was observed 

that if the upper load level was sufficiently high to cause failure within 

6 ' 

2 x 10 cycles of load, the peak loads at intervals of 6 hours accelerated 

the failure# No appreciable effect of peak loads on the endurance limit or 

fatigue creep was observed, if upper load level was quite small-# 

From the limited data, an attempt has been made to draw S-N curves 
which are shown in Figure 5*1?» The apparent tensile stress levels have been 
calculated by macing use of relations shown in Appendix A, The tests 
reported here are preliminary in nature. The characteristics of the ferro- 
cement slab under pulsating loads at lower stress levels are not studied. 
These may be quite different and hence no extrapolation of the S-N curves 
is possible. 

The failure of a specimen under repeated loading was distinctly 
different from a failure under static test . Those specimens which failed 



83 


under pulsating loads underwent larger deformations, indicating that ferro- 
cement has ability to defoun plastically through microcracking mechanism. 

A close observation of the specimens failing under repeated flexural fatigue 
showed that the fracture of wire was in the plane of the mortar. Yi/hereas, 
the broken wires in the specimens tested under static loads were characteri- 
stically tensile. At the collapse, very clear yield lines-, one at the mid- 
span and two along the clamped edges were noticed as shown in Figure 5*18'. 

The static flexure tests performed on the specimens, not failed in fatigue, 
yielded results within the limits of their virgin parallels. 

Great variation in fatigue life is observed in spite of the fact that 
•identical’ specimens are run under 'identical 1 conditions-. Hence for inter- 
pretation of the fatigue experiments, the use of statistical methods is a 
necessity in modem technology. However, the statistical methods are not 
attempted here due to lack of compatible sample size. The most convenient ' 
method of treating fatigue test data is Weibull distribution-. 

• 0 

From the foregoing discussion it is quite clear that ferrocemeht has 
a tremendous potential for use wherein high resistance to fatigue is required. 



Table 5*1 - Su m mary of Flexural Fatigue Tests on 4F Series 
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CHAPTER VI 


YEELD CRITERION 

6.1 General 

Plastic analysis is a branch of structural analysis dealing with 
structures loaded into plastic range. The object of plastic limit analysis 
is the calculation of collapse loads, at which the structures continue to 
deform while the loads remain constant. In other words unrestricted 
plastic flow occurs insdfcructures . The constitutive equations in theory of 
plasticity are defined by the yield condition and the associated flow rule. 

6.2 The Yield Condition and Plow Rule 

The yield cohdition is a function of stress components which relates 
the generalised stresses at yield and is given by 

Y (Q ± ) =0 ... (6.2.1) 

where - the generalised stress, i = 1,2,3,...n. 

The equation 6.2.1 represents a surface in the stress space. The funotio u- 
Y- i - s so chosen that VP-ua 

Y (Q i ) 0 

• fcha-h ig the strops di gtmhnt-i nns a~rp alagtie . The stress distributions for 
which this function e qualq the e^itleal value are plastic. The condition 
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Y ( ^ " r 0 • . . (6.2*3) 

IV\&J(viaa W’ • 
is iR ^ oIoreblo -by the material . 

The point, curve or surface corresponding to equation (6.2.1 ) is 
known as the yield point, the yield curve or the yield surface respectively 
in one - , two - and n - (n 3 ) dimensional stress space represented by 
the components of the stress vector Q^. If n > 3> the surface is a hyper 
surface. The yield surface was shown to be convex always ‘(Prager (45)) • 

For any state of stress at the yield limit, the flow rule gives the 
ratio between the increments of plastic strain. Therefore, the plastic flow 
law can be expressed as 

= n i - 1,2,3 n. (6.2.4) 

where P is an arbitrary positive scalar. The equation 6.2.4 implies that 
the strain vector is nounal to the yield surface given by equation 6.2.4 and 
hence the flow rale sometimes referred to as the normality flow rule . 

6.3 Yield Criteria 

In this section, the yield criteria which are commonly used in the 
determination of the collapse loads are described and also a brief review 
of the development of the other yield criterion applicable to conventional 
reinforced concrete, fibre reinforced concrete and ferrocement are presented. 

" ■ v 111 1 111/' ■ ■■ ;■//■■ 'l ■> , ■. 1 /■/ ■ ' , /;/■;. ■■ 1 
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6.3.1 The Tresca Yield Criterion 

This is also known as the Coulomb - Tresca yield criterion. For a 
two dimensional structure, loaded transversely, the yield criterion is 
given by 



6.3.2 The Mises Yield Criterion 

This is also referred to in the literature as Huber, Hencky and 
Mises yield criterion. In terms of principal moments of a plate loaded 
laterally, it is given by 

M^ + M^-M r M 2 = Mq ... (6.3. 2.1) 

Ou 

The Figure 6 .1 (^) shows the yield curve and the flow rule. 

6 . 3.3 Square Held Criterion 

This yield criterion was intuitively adopted by Johansen ( 57 ) in the 
plastic analysis of reinforced concrete plates. For any isotropically 
reinforced plate the yield criterion is shown graphically in Figure 6.1(c). 
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Mathematically, it is given hy 

jM ± j = M q i = 1,2.. ... (6 .5.3.1 ) 

It states that the ultimate moment in one direction is independent of the 
moment in the perpendicular direction. The extension of yield criterion to 
an orthotropic yield surface was discussed by Wood and Armer (89) and Clyde 
(90). Other yield criteria for orthotropieally reinforced plates are shown 
in Figure 6.2. 

6 . 5.4 Various Yield Criteria: Development and Application 

Kao, Mura and Lee (91 ) presented the analysis of load carrying capa- 
city of square orthotropic plates on simple supports using the yield crite- 
rion suggested by Hill (92) . 

Nielsen (93) formulated yield condition for both isotropic and ortho- 
tropic slabs based on the characteristics of concrete and the reinforcement 
and presented a number of upper and lower bound solutions for different types 
of slabs. 

Kemp (94) showed that the true yield criterion is a normal moment 
criterion while the tangential and the twisting moments on the yield line 
may vary. He noted that only the normal moments contributed to the dissi- 
pation of the energy and concluded that the yield line theory was built on 
the basis of the normal moment yield criterion. 

Sawassdr (95) studied the influence of membrane action on the limit 
load of rigid perfectly plastic plates. 


106 


Kwiecinski ( 9 6 ) formulated a yield criterion for quasi-isotropic 
reinforced slabs. He analysed the yield moment as a plastic hinge taking 
into account the possibility of kinking of the reinforcement on the open 
fracture line. The theory proposed is a partial kinking theory whose 
limiting cases are the square yield criterion (stepped yield criterion) and 
the theory based on perfect kinking of the reinforcement. The ultimate 
moment in an initially isotropic slab is shown to be on the inclination of 
the plastic hinge. 

Kwiecinski ( 56 ) formulated the yield criterion for an orthotropically 
reinforced slab with a rigid-plastic behaviour, taking the partial kinking 
of the reinforcement on the yield hinge. 

Flugge and Nakamura (97) presented a general theory to furnish com- 
plete solutions for shells of resolution based on an approximate yield 
condition derived from the Tresca criterion. The bounds are determined for 
a shallow truncated conical shell subjected to a line load. 

Kwiecinski (98) considered the partial kinking of the reinforcement 
at yield and derived a yield condition for an orthotropically reinforced 
slab. He pointed out that the concept of stepped yield line loads to a 
kinematically inadmissible mechanism, while the present criterion is 
permissible. 

Massonet (99) obtained complete analytical solution for the exact 
limit load of isotropic and orthotropic slabs using Hopkins (l00) and 
Schumann's (lOl) general results and developed a criterion for the kinema- 
tically admissible mechanism and the statically admissible stress field. 
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Zawidzki and Sawczuk (l02) presented a set of complete solutions for 
plastic flexure of fibre- reinforced plates under rotationally symmetric 
conditions of loading and supports. 

Prince and Kemp (103) developed a yield criterion for isotropically 
reinforced concrete slabs based upon strain compatibility requirements 
across the crack along a yield line. A generalised yield criterion incorpo- 
rating the expression for normal moment of resistance was presented. The 
square yield criterion was shown to be a lower bound of the generalized 
yield criterion. The experimental results show good agreement with the 
theory. 

Beckett (104) introduced the concepts of multiple limit states (limit 
states of collapse, local damage, deflection etc.) and applied to the analy- 
sis of reinforced concrete beam and slab system. 

Prager (105) investigated the plastic failure of matrix- reinforced 
composite sheet. 

Biron ( 1 06 ) considered an open cantilever cylindrical shell with 
longitudinal rib reinforcement and computed the collapse pressure (load). 

The yield surface was de-rived using the strain mapping method for the Tresca 
yield criterion. 

McLanghlin and Batterman (107) studied the limit behaviour of fibrous 
materials composed of planar arrays of long elastic perfectly plastic fibres, 
site bonded or imbedded, in a strengthless matrix. The equations of limit 
surfaces obtained are based on the lower and upper bound theorems of limit 
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analysis. The effects of fibre orientation geometry, fibre yielding, fibre 
buckling and pull-out of fibres from the structures are included in the 
theory. 

McLarghlin and Batterman ( 1 08 ) determined the limiting values of a 
concentrated force acting on simply supported circular plates or arbitrarily 
shaped clamped plates obeying an arbitrary yield condition symmetric about 
certain lines in a simple and straight forward manner by applying extended 
limit design theorems, thus encompassing all the previous results of Hopkins 
andPrager (109), Druckmrand Hopkins (110), Hopkins and Wang (ill), H 
Haythornth waite and Shield ( 1 1 2 ) , Zaid ( 1 1 3 ) and Schumann (99)* It is also 
shown that Zaid's (113) results apply to materials other than those obeying 
the Tresca yield condition. 

Wasti (114) obtained a yield criterion for anisotropic plates by 
extending the Tresca yield criterion and applied to circular plates. 

Braestrnp ( 1 1 5 ) strongly refuted the statement of Wood (ll6) and Jones 
and Wood (117) that yield line theory and limit analysis are inconsistent and 
demonstrated that both the 'normal moment' criterion of the modem yield line 
theory and the 'stepped' criterion of the classical theory correspond to a 
so called upper yield surface, which satisfies the requirements of limit 
analysis. It is also shown that the successive refinement of yield- line 
patterns does not converge to the yield load predicted by limit analysis, 
when the actual yield surface of the plate is different from the upper yield 
surface. The yield surface of an arbitrarily reinforced plate is derived. 


1 
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Lance and Robinson ( 1 1 8 ) presented a theory of plastic behaviour of 
fibre reinforced composite materials which allows for several failure modes 
of the composite material such as the matrix failure, and the ductile fai- 
lure of the fibres and the matrix. The plastic strain rates associated 
with each of the failure modes are specified. 

Jain and Kennedy ( 1 1 9 ) considered equality of normal resisting ulti- 
mate moment with the normal applied moment at the yield line after examining 
all possible orientations of the yield line. The results were substantiated 
by data from experiments on reinforced concrete slabs. 

Lenschow and Sozen (59) developed a general yield criterion for rein- 
forced concrete slabs subjected to combination of flexural and twisting 
moments and compared with the experimental resuls. The analytical expression 
for the yield criterion derived was 

wM = M = [m Sin 2 (a + y)+M Cos 2 ( a +y ) ]/Cos 2 y (6. 3.4*1 ) 

1 ^ x y 

where 1L - the generalised stress, i = 1 ,2 and 

a - the angle between the directions of 

and M and Y is determined by 
x - 

o 

- tan Y - wC^ tan y + w = 0 ... (6. 5. 4 *2) 

wh ere 

wC.j = C ( j£ - w) tan 2 a + 1 - wJ/£(l -(J. )cotan a 1(6. 3. 4 *5) 
•A graphical representation of their yield criterion is given in Figure 6.3- 
The yield criterion recognises that twisting moments may exist along the 
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line, which affect both the direction of the yield line and the moment capa- 
city of the element. The yield criterion so developed #as in good agreement 
with their test results. A general application of the yield criterion 
requires ductility of the considered section beyond the deformations at 
yielding. Lenschow and Sozen showed that for reinforced concrete the general 
ductility requirement limited the amount of reinforcement in plate elements 
far below the amount which is conventionally considered to result in dubtile 
behaviour as implied by various building codes. A simplified approximate 
expression was derived for the balanced amount of reinforcement 


A 


= 0.125 


a ,h 

can 


• • • (6 *3 *4 *4) 


where 


A - the area of steel reinforcement per unit 
s 

width in one layer, 

a - the yield stress of reinforcement , 

y 

C ca - the average compressive concrete stress and 
h - the height of the cross section. 


6.5 • 5 The Yield Criterion for Ferrocement 

The ferrocement plates under transverse set of loads have been obser- 
ved to be as ductile as metal plates and the rotation of yield lines is 
quite appreciable at collapse, inspite of the fact the ferrocement plates 
are usually highly reinforced. 

Austriaco, Lee and Pama (120) carried out trilinear analysis of ferro- 
cement slabs and suggested a yield criterion shown in Figure 6 . 4 . The 



esasntral features of the yield criterion are the square initial yield and 
limit surface in principal moment space. They assumed no significant inter- 
action between the moments acting on any two orthogonal cross-sections of 
the composite material since the stresses in the skeletal steel and the wire 
mesh are independently transferred to the surrounding mortar by bond. 
Austriaco, Lee and Pama (1*0) substantiated the arguments by experiments on 
rectangular slabs subjected to cylindrical bending under central line load 
and circular slabs with concentric boss subjected to a punch load. These 
experiments, however, do not represent a general state of stress in a ferro- 
cement . 

The high ductility of the ferrocement slabs in bending and the homo- 
geneity of the material suggests that the yield criterion similar to that 
of the Mises yield criterion may be more appropriate for determining the 
collapse loads. With a view to establishing a yield criterion relevant to 
ferrocement slabs under general state of stress of stress an experimental 
programme was carried out. 

6.4 Test Procedure 

The details of the test setups and brief descriptions of the test 
procedure are presented in Chapter III. Other pertinent information about 
the test procedures is given here. 
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6.4.1 Rectangular Slabs 

The rectangular slabs clamped along the two shorter edges and free 
at the other two were tested under monotonically increasing central line 
load parallel to the clomped edges. The mid-span deflections at each incre- 
ment of the load were recorded and development of cracks carefully observed. 
In all sixteen slabs were tested, two for each series to determine the 
collapse loads. The load-deflection curves for a few typical tested speci- 
mens are presented in Figure 6 . 5 and 6 . 6 . 

6 . 4.2 Circular Slab with a Concentric Boss 

A circular slab with clear span of 1500, simply supported along its 
periphery, was subjected to a concentric punch load applied through a rigid 
core (boss) of 300 f. Loads were applied in increments upto collapse. 
Deflection and strain measurements for each increment of load were taken at 
various points of interest. The cracks were noted carefully as the test 
progressed. The final deflections were recorded at collapse. To demonstrate 
the strength of ferrocement slab, the specimen was inverted and loads were 
applied again upto collapse. The Figures 6.7 and 6.8 show respectively the 
load-deflection curve of the rigid core and the deflection profiles of the 
circular slabs. The load-radial strains for circular slab at 170 from centre 
are shown in Figure 6 . 9 and the crack pattern at collapse is shown in 
Figure 6.10. 
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6.4*3 Uniaxial and Biaxial End Moment Series 

Six square slabs, two for each series, were subjected to uniaxial end 
moments to determine the moment carrying cap acity of the slabs. Fourteen 
slabs, five each for 6 F and 8 F series and four for 4F series, were subjected 
to biaxial end moments. The slabs tested under unidirectional moments were 
simply supported along two edges and free at other two and those tested under 
bidirectional moments were simply supported along all the four edges. The 
ratio of the moments in two orthogonal directions was varied. The slabs 
were tested for M 2 = , 0.375 , 0.5 and 0.675 . The loads were 

applied in small increments and deflections were noted. The developments 
of cracks, their trend and directions were observed carefully when the test 
was in progress. The Figures 6.14 through 6.1 4 show the moment-deflection 
plots for a few tested specimens. A yield criterion obtained from the test 
results has been presented in Figure 6 . 15 . The Figure 6.16 shows the typical 
crack pattern for 6 F slab for = Mg . 

6.5 Analysis: Determination of Collapse Loads 
6 . 5 .I Rectangular Slabs 

The dimensions and loads are given in Figure 6.17 • For certain value 

of P = P , the bending moment at the built in ends and at the mid-span 
c 

reaches the yield moment. It can be easily shown that 



c L 


( 6 . 5 . 1 . 1 ) 
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■where P - the collapse load, per unit width, 

G 

Mq - the yield moment per unit width and 
L - the clear span. 

Mq in equation (6.5.I.I) is given by equation (A. 1 . 3 * 4 ) given in Appendix A. 

6.5*2 Circular Slabs with Axisymmetric Loads and Supports 

Consider any piecewise linear yield surface. The state of stress at 
the various points of the plate will be represented by stress points located 
on or inside the yield surface. The locus of these stress points is usually 
known as stress profile. Depending upon the geometry of the plate at collapse 
and the boundary conditions, a stress profile can easily be identified. For 
a linear stress profiles for circular plate subjected and loaded symmetrically 
about the axis, the radial and circumferential moment fields can be derived 
as follows . 

Let the equation of a typical stress profile be 

Kg = a + 1 ... (6.5.2) 

where Mg - the circumferential moment, 

M - the radial moment and 
r 

a,h - the constants. 

The equilibrium equation of the plate under consideration is 


(m v )" - (Mg)' 


- p(r)r 


( 6 . 5 . 2 . 2 ) 
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where r - the radius at any point, 

p(r) - the load as function of r and 
prime - denotes differentiations with respect to r. 


The equation (6 

ft 

M + 

r 


5*2.2) yields in view of equation (6*5*2.l) 
= - P(») 


C 6 . 5 . 2 . 3 ) 


For any load p, the equation (6. 5. 2 . 5) can be solved by the method of vari- 
ation of parameters. For a uniformely distributed load p(r) = p t the radial 
moment is given by 


b-1 


M 


.rPr 

2(3 - b) 


b-1 


. . . (6. 5. 2 .4) 


Thus the equation (6. 5. 2.4) and (6.5.2.1) describe the moment field comple- 
tely. 


Example Is Consider a circular slab of radius R, simply supported along the 
periphery and subjected to a uniformly distributed load p. At the centre of 
the plate, the axial symmetry requires that 



.«•••» ( 6 . 5 * 2 . 5) 


and is a finite quantity. At the boundary, 


r = R 

M = 0 

r 

In view of equations (6. 5. 2 . 5) and (6. 5. 2 . 6), 


. . . ( 6 . 5 . 2 . 6 ) 


the governing stress profile 
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is CDE (Figure 6. 15) The limit load depends upon the radius ^R at which 
the stress regime changes from CD to De. This radius is computed numeri- 
cally using the moment and shear continuity conditions. The moment fields 
are, 


for region 0 r ( '-'R 

M-.. = a. + b M . 

01 1 1 rl 

M r 1 = ~2~ + 2 (b" r - 3 ) 

for region pR <C." r R 


• • • (6. 5. 2.7) 

. . . (6.5.2.S) 


. . . (6.5. 2 . 9 ) 


. . . (6.5.2.IO) 

Let the coordinates of the points A,B,C,D and E on the proposed yield 

d + d d + dp 

surface he, (M q , 0 ), (d^d.^), ( M Q , — ~ M 0 )» C^Mq, &^ q ) 

and ( 0 , Mq) respectively. Then 

a l = (d 1 + V M 0 



K ©2 = a 2 + b 2 M r2 


M 


r2 


1 - b r 


R 1Jb o 

1 - (I) 2 


pr 

+ 2(3 - b 2 ) 


R 1 “ b 2 t. 2 

V v r' 


( 6 . 5 . 2 . 11 ) 
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By using the continuity and the boundary conditions, the non-dimensional 
is given by solving the equation 


P 


3 -b, 


- r 


(3 - b,) 2(1 - b 2 ) 


(1 " d 1 + b 2 + d 1 b 2 ^ 


2\ + (1 + bj = ° ** (6*5*2.12) 


The load capacity is given by 

M q (1 + b 2 )/' 3 ' b 2 + 2(1 - b 2 ) 

~2 * ' 4(3 - V 

In the proposed yield criterion 


. . .( 6 . 5 . 2 . 15 ) 



. . .(6.5.2.14) 


The equations ( 6 . 5 . 2 . 12 ) through (6,5.2.14) yield the region boundary 


f- O.51 

and the load capacity 

wF " 6,08 

M 0 


. . .( 6 . 5 . 2 . 15 ) 


. . .(6.5.2.16) 


■which lies in between the capacities based on the square yield criterion (6.00) 
and the Mises yield criterion (6.51) and hence justifies the statement made 
earlier. 

Example 2: Consider a circular slab of radius R, simply supported along the 
boundary and subjected to a punch load applied through a concentric boss of 
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radius 'fR. Following the same arguments as for the previous example, it 
can be shown that the load capacity for this case is given by 


in which 





ro + b 2 ) 


! 

y is obtained by solving the equation 



j 


r 2 1 v 

d 1 + d 2 - 1 ^ d 1 + d 2 “ 1 - b } f 2 
I 2 0 + b 2 ) 

(a 1 + d 2 - TXT - b 2 ) = 0 


. . . (6.5.2.17) 


Substituting the pertinent values of the equations (6.5.2.11 ) and (6.5.2.14) 
in euation (6. 5. 2. 18) yields 


f = 0.215 ... (6.5. 2.18) 

Hence 

■ ■ ■’ ■ , ■ .■ . » 

P c = 8.175 M 0 ... (6.5.2.19) 

where P = the total collapse load applied 1;hrGBgh 

o 

the boss. 

Similarly the square, the rectangular and the circular slabs under 
axi - and non-axi symmetric loading can be analysed by using the piecewise 
linear programming technique. 
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6.6 Discussions of the Test Results 

6.6.1 Rectangular Slabs 

The cracks in rectangular slabs tested under monotonically increasing 
line load appeared at the mid-span, within 15 from the oentre, at loads 
higher than the loads which cause mortar to crack. The oraCks along olanped 
edges of the slab were observed slightly later. At the final collapse of 
the slab, three distinct yield lines, two along clamped edges and one at the 
mid-span were observed. The failure was characteristically the ductile 
failure of wires. The Table 6.1 shows the experimental collapse loads and 
the theoretical collapse loads calculated from equation (A.1.3*4)» The 
specimens were observed to take loads beyond collapse due to the high ducti- 
lity of ferrocement and the membrance action. The Figure 6.18 shows the 
yield lines in a tested specimen. 

6.6.2 Circular Slab with a Conoentric Boss 

Under gradually increasing loads, the first cracks appeared along the 
periphery, i.e., the junction of the boss and the slab. A reasonably good 
agreement was observed between experimental cracking moment and the theore- 
tical cracking moment. Under subsequent loading radial and circumferential 
cracks. were observed as shown in Figure 6.10. 

The slab carried a total load of 4500 kg and the total deflection of 
48.22 was observed under the core. The collapse load in kg approximately 
was obtained from the load-strain curve shown in Figure 6.9 . This load 


I 
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corresponds to the point where the curve changes its direction. Careful 
observation of the load strain-curve indicates that the slab started to 
pick-up the loads beyond collapse which is attributed to membrane action 
of the slab. The theoretical collapse load as calculated from equations 
(A. I. 3 . 4 ) and ( 6 . 5 . 2. 9 ) is2§f)kg which is in reasonably good agreement with 
experimental value. 

The slab tested under a total load of 4$00 kg was inverted and sub- 
jected to gradual loading under similar edge conditions. The slab was obser- 
ved to be quite rigid during the first few increments of load. This was due 
to the fact that the slab was behaving as a conical shell and could resist 
considerable membrane forces. The slab was observed to be less rigid after 
it became flat. It is of interest to note that the slab resisted a maximum 
of 4000 kg (9C of the virgin load) and final deflection of 5°*° was observed. 
The test demonstrates the strength of ferrocement slab under single cycle of 
reverse loading. 

The post yield load carrying capacity of the ferrocement slab can be 
estimated by considering the slab under its deformed state as a conical shell. 
The total load carrying capacity, following Massonrefc and Save ( 122 ), is given 
by 

P 1 = P c 1 + 3 (h )2 [ * * * ( 6 * 6 * 2 * 1 ) 


- the total load carried by the slab, 
w - the total deflection and 
h - the thickness of the composite section# 
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The load calculated from equation (6.6.2.1) is in reasonably good agreement 
with experimental value. 

6.6.3 Uniaxial and Biaxial End Moment Series 

The Figures 6.11 through 6.15 show the moment deflection curves 
for the slabs subjected to uniaxial end moment. The theoretical yield moments 
determined from equations A.1.3»4 compared well the experimental values as 
shown in respective figures. It was observed during gradual loading that 
any cracks, that appeared on the tension face, did not wide open under sub- 
sequent load increment. The further increase in strains was due to the for- 
mation of new cracks. The number of cracks at final failure were observed to 
be proportional to the specific surface of reinforcement. The Figure 
shows the crack pattern, of 8UM1 specimen. 

The Figures 6.11 through 6.13 show the moment-deflection curves 
for BM-series. The crack propagation, under gradual loading was observed to 
be from the corners to the centre of the slabs. The layout of the cracks at 
collapse was noticed to be a function of the ratio of two orthogonal applied 
moments. The Figure 6.16 shows the typical crack pattern for 6BM specimen. 
The slab finally failed with four yield lines starting from the comers and 
then becoming parallel to the edges of the slab. 

The plot of indicates that the yield moments increase with 

increasing ratio of the applied moments upto 0.7 and then for = M^, the 
yield moment is observed to be less than the unidirectional yield moment. 

. i 

The reason for the interaction of the applied moments two orthogpnal 



directions. Due to the presence of the woven mesh the behaviour at yield 
ofta ferrocement slab element under general static of stress changes. The 
plastification of the mortar at yield causes local debonding of wire. The 
reduction in the ultimate moment capacity is due to the interference of the 
applied moments. The reason for increase in moment capacity in going from 
uniaxial moment to biaxial moment upto = 0.7 is attributed to the 
biaxial compression of mortar on the compression.' side is analogous to the 
precompression of the specimen. Wood (l2l) reports that in experiments 
conducted by Hedley, on reinforced concrete simply supported slabs, a redu- 
ction in carrying capacity of the slab was observed. This is also in agree- 
ment with the Building Research Station (UK) tests. Hence the square yield 
criterion is common use is only an approximation of a more complicated yield 
criterion. 

In view of the test results it is suggested the Mises yield criterion 
with depression in yield surface at 45° may be more appropriate to use in 
determination of the collapse loads of ferrocement slabs. However, an experi- 
mental test programme is necessary to establish the limit surface in II and 
IV quadrants . 
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Table 6.1 Load Capacities for S-Series 


Specimen. 

Thickness 

Ultimal 

Loads, kg 

Theoretical 

# 

Experiment al 

4S 

25.0 

1120 

1080 

6S 

25.0 

1380 

1140 

8S 

25.0 

1560 

1400 

6S 

28 .0 

1480 

1370 

8S 

30.0 

1900 

1780 

** 

4S 

25.0 

76? 

720 

. ** 

6S 

28.0 

1060 

1000 

** 

8S 

30-.0 

1100 

1020 


* 

** 


average of two specimens tested 
22 gauge wire 



•The Mises yield criterion, (b) -The Tresca yield criterion, (c)-The Square vie Id 

. Figure 6.1 -Yield Criteria. criterionUohansen). 




Figure 6. 2- Yield Criteria (Johansen). 
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CHAPTER VII 


EXPLOSIVE LOADING 

7.1 General 

Theoretical and experimental investigations into inelastic response 
of engineering materials under high intensity of short duration loads are 
necessary in order to permit reliable predictions of structural damage to 
pressure vessels, explosive containers, shiphulls etc. An extensive work in 
the area of damage to structures in underwater and air due to shock waves has 
been done by Kirkwood (123)* The detailed description of the shock wave 
propagation, the energy released by the explosives, the mode of energy dissi- 
pation etc. has been given by him in a number of papers (125). However, all 
his studies are confined to materials other than ferrocement . 

Ferrocement is a material with high resilience and can resist effectively 

shock and impulse loadings- To study the response of ferrocement material to 

explosive and detonation shock waves underwater and air, a test programme 

has been carried out, the details of which are given later. The test results 

have been discussed only qualitatively. An extended study of this nature would 

J 

provide useful information, but due to lack of resources (viz. detonators and 
explosives), only a few tests could be carried out. 

7*2 Detonation and Explosive Shock Waves 

In the analysis of dam age to structures by underwater explosion waves 
and by blast waves in air, a knowledge of pressure-time curve, peak pressure- 
time curves, peak pressure- distance curves of shock waves, produced by 
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explosives, is of primary importance. 

The method of computing the magnitude of pressure and approximate 
durations of pressure-time pulse at any distance underwater from an explosion 
of a given spherical charge is given by Kirkwood (12?). The computation 
starts with the initial pressure, the equation of state for burnt gases and 
other quantities which have been previously calculated theoretically. The 
pressure-time curve obeys the dimensional law, i.e., if the pressure, time 
and distance are measured in units proportional to the cube root of the mass 
of the charge, then the pressure curves for different masses -of the same 
explosives will coincide if measured at equal distances (in the reduced units). 

It has been found (123) that the peak pressure falls off as the inverse 
distance except near to the charge? where, within about twenty charge diameters, 
this law fails badly and the rate of fall is much more rapid. Furthermore, 
near to the charge, the duration of the pulse increases as the pulse moves 
away, although this spreading effect is scarcely noticeable beyond perhaps 
twenty five charge diameters. The absolute pressure calculated for 3001b. 
of cast TFT at 50 ft. is 1.02 longtons/sq. in. 

The damage to the structures in underwater explosion is attributed to 
the initial pressure pulse, although secondary pulses may also be important. 

The experimental investigation of initial pressure pulse is difficult due to 
non-availability of proper gauges and apparatus for recording gauge response. 

In the present investigation, the response was recorded through electrical 
resistance straingauges connected to Encordiorite viscicorder having eight 


channels 
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7.5 Test Procedure 
7»5»1 Underwater Blast 

An underground excavation (2100 deep x 24-00 dia) was made and the 
surfaces were properly levelled. At the bottom cf the excavated pit, mass 
concreting (mix ratio 1:2:4- with water-cement ratio of 0.45 By ’weight) was 
done to get a base thickness of 600. The tank reinforcement cage prepared 
earlier, was lowered into excavated pit so that it huh'g centrally over the 
concrete base. The tank was then cast with rich cement mortar. The annular 
gap of 450 between the surrounding ground and the tank was then concreted. 
Curing was then done for 28 days. Other pertinent experimental details are 
given in Chapter III. The tank was fitted with strain gauges on the inner 
mortar surface as shown in Figure 3«2. Since the propagation of the initial 
pressure wave is spherical from the source of explosion, all the strain gauges 
were fixed at mid height and at the centre of the base of the tank. Cordtex 
explosives were used in this investigation. The cylindrical! tank was filled 
with water upto the brim. The charge was lowered into the tank and subjected 
to explosion and the response of the tank recorded on automatic viscicotder. 
The explosive charges were varied from 1 metre to 3 metres in steps of 0.5 
metres (l metre = 10 gm of explosive approx). A few typical strain-time plots 
are shown in Figure 7*1* 

7.3.2 Blast in Air 

Six slab specimens were also subjected to explosive blast load tests 
in air. Ferrocement slabs (300 x 600 ) or (600 x 600) ttere kept on level ground 
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and a plastic charge of 5 to 15 gms was kept over the slab surface. 

Similar tests were conducted on the mild steel plates of 8-15 thickness 
for comparison. Figure 7*2 shows the damage caused by the explosive on 
ferrocement plates. 

7.4 Discussion of Test Results 

In the case of underwater explosion of the tank, it was observed that 
15 gms of explosive charge did not produce any apparent damage to the ferro- 
cement-tank and the surroundings. However, 20 gms of explosive resulted in 
cracks along the top periphery of the junction between the ferrocement tank 
and the surrounding concrete ring. It is felt that this blast must have 
resulted in a compression wave of rather high intensity, which, on travelling 
across the wall thickness, produced microcracks and also spalling off of 
concrete at the other end. Ho visible cracks were, however, observed in the 
ferrocement tank. 50 gms of the explosive charge did produce vertical cracks 
in the wall of the ferrocement tank at a few places, resulting in the com- 
plete emptying of the tank, water having obviously seeped through the cracks 
so formed. The Figure 7*1 shows this phenomenon in detail. It is apparent 
from the figure that the charge upto 20 gms resulted in quick damping of the 
system, whereas with the stronger charge, the vibrations continued upto 
almost half a second. 

The blast tests in air carried out on rectangular ferrocement slabs 
of thicknesses 25 , 28 and 50 , resulted in through holes in the slabs, with 
the plastic charges of magnitudes 7»5* 10 and 15 gms, respectively. For 
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charge magnitudes less than these, only localized depressions with shattered 
mortar around it, were found. The damage caused to the slabs was found to 
be dependent on the shape of the plastic charge applied to the slabs. Ihen 
the charge was put in the form of a thin flat shape, a localized depression 
was observed, the penetration being dependant on the amount of the charge. 
However, deeper penetration, resulting in through holes was observed, when 
the charge was applied in the shape of a cone on the slab. (Refer Figure 
7 - 2 ). 

The 15 gm charge in the conical form when applied on one side of a 
steel plate of thickness 15, resulted in spalling off of the material on the 
other . side, whereas a charge of lesser magnitude, only produced a localized 
depression on one side and cracks on the opposite side. 

From the above discussion, it is clear that the ferrocement material 
offers moderate to high resistance to blast loadings both in air and under- 
water. One particular advantage with this material is that the resulting 
damage (due to blast), being localized, can easily be repaired later on. It 
may be mentioned hthat"aa<t spalling off of the mortar was observed in case 
of ferrocement, unlike that in concrete and steel materials. 




— 
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Figure 7 » 




2 Damage to Rectangular Slabs due to Explosive 
Loading in Mr. 


UbAPTER VIII 


CONCLUSIONS 

8#1 General - 

An extensive experimental programme was conducted to understand the 
behaviour of ferrocement slabs under flexural sustained loads* flexural 
fatigue loads, biaxial bending and explosive blast loads. The variables 
in all the specimens were, the number of layers of wire mesh, the gauge 
size of the wire mesh and the thickness of the slabs. The conclusions 
drawn from these tests have been summarised below. 

* o 

8*2 Creep 

a. The creep specimens were observed to attain steady state in 40-45 

days, when subjected to low tensile stresses (i*e., less than 
2 

35 kg/ cm ) . 

ti . The creep rates for specimens (having a prior history of sustained 
loading for 30-45 days), were in general observed to be less than 
those observed for specimens without any earlier stress history. 
Also, more the age (curing period) of the specimen at the time of 
testing, the lower were the creep rates. The specimens subjected 
to sustained load, when tested to collapse under static loads, 
could carry 10-15$ more load than their virgin parallels,. 

c. ^n the removal of the loads, instantaneous elastic recovery 
was of the order of forty percent for a test specimen subjected to 
a sustained load for a period of 45 days . The delayed recovery 
over a period of 10 days was another 10 percent. It was also 
observed that the cracks healed up with time on the removal of 
the load. 

d. The creep observed in ferrocement slabs is usually less due to the 
even distribution of fine chicken wire mesh in both tension and 
compression zones. Logarithmic/hyperbolic relations appear to be 
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quite useful in prediction of creep. The load-creep relationship 
is linear prior to cracking and nonlinear in the post cracking 
range . 

e. The effect due to the moderate changes in temperature and humi- 
dity on the creep is small, especially when matured samples are 
tested. 

8.3 Fatigue 

a. The presence of chicken wire mesh in ferrocement effectively 
arrests the crack propagation even under moderately high stress 
ranges of pulsating loads. 

b. The specimens when subjected to repeated stresses of the order of 

2 2 
30 kg/ cm (the upper and the lower stress levels being 75-80 kg/cm 

2 6 
and 45-50 kg/ cm respectively) could withstand upto 2 x 10 cycles. 

A few pulsating peak loads of 15-20 percent of the upper stress level 

did not appreciably affect the endurance limit. 

c. The incremental fatigue creep is linear in the low range of stress 
cycles and is almost recoverable over a rest period. 

d. The flexural rigidities decrease and the stress strain relations 
become linear with increasing number of load cycles and then 
stabilize and also the energy stored due to hysteresis decreased 

- ; th increasing load cycles. The nearness of failure of a specimen 
is indicated by the concavity in the load- deflection curve. The 
failure is usually sudden and is of brittle nature. 

e. Those specimens that did not fail even at 2 x 10 cycles, when 
subjected to static loads, failed at 75-80 percent of the collapse 
load of their virgin parallels. 


8.4 


Yield Criterion 
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a. For slabs subjected to static loads, within, the experimental 
limitations, the .theoretical and experimental collapse loads 
and the yield patterns are in agreement. In particular, for 
slabs subjected to axi-symmetric loading and boundary conditions, 
the agreement was much better. Besides, considering the deformed 
slab of the truncated cone, the theoretical load capacity computed 
agrees well with the experimental value. 

b. The proposed yield criterion is more closer to the Mises yield 
criterion due to the ductile nature of the ferrocement. 

c. In the proposed yield criterion, the carrying capacity is increased 
in going from uniaxial to biaxial state upto a value of Mg = 0,7 
and then decreased. The precompression of the mortar increases the 
load carrying capacity in the initial ranges, while the interference 
caused by the woven-mesh reduces the capacity at later stages 

(M 1 -Mg). 

8.5 Explosive Loading 

The preliminary tests conducted indicate that ferrocement offers 
high resistance to blast loads 1 The damage caused to the structures is 
localised and hence can easily be repaired. This strong point of ferrocement 
makes it most suitable for the sea sailing structures like fishing vessels 
which are susceptible to collision in bad weather conditions. Unlike concrete, 
little or no spalling off of the mortar is observed under blast loading. 

8.6 Recommendations for Further Research 

a. Experiments should be carried out to find out a suitable workability 
agent available locally to improve the quality of the mortar mix. 

b. The strength of ferrocement under low cycle fatigue must be determined. 
This is important for those structures which are occasionally sub- 
jected to high intensity dynamic loads. 
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c. To establish a complete generalized yield criterion and to obtain 
quantitative results for the structures subjected to blast loading-, 
more experimental work: is required. 

d. Long term studies on the creep of ferrocement under general state 
of stress should be conducted. 

e. The scatter in experimental data on fatigue and creep of composite 
materials like ferrocement is usually wide. Hence, an extensive 
experimental programme is necessary to get a compatible sample size 
for making use of the statistical methods of analysis in estimating 
the fatigue life of a structure. 

f. The behaviour of twin ferrocement slabs with shear connectors under 
different loading conditions is of great interest and is presently 
under investigation. 
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Appendix A 

Moment- Curvature Relationships for Ferrocement 

A.1 Bending of Ferrocement Slabs 

The load- deflect ion curve of a ferrocement slab element subjected to 
monotonically increasing bending moment is approximately trilinear as shown 
in Figure A.1 (a). 


A.1 .1 TJnc racked Range 


In the uncracked range, the ferrocement can be treated as homogeneous 
composite material and the stress distributions, as shown in Figure A.l(b), 
are determined from the classical beam- theory. The modulii of elasticity in 
tension and compression are assumed to be equal. The moment carrying capacity 
of the section is given by 


M 


*c h 


. . . (A.1 .1 ) 


where 


M 

a 

c 


h 


the bending moment per unit width of section, 

the tensile or compressive stress in composite, 
and 

the thickness of the composite section. 


For a composite material reinforced with fibres oriented at an angle 
with the loading direction, the ’law of mixture* ( 9 ) yields 


= a Y + F 
m m 


"f 7 f 


. . . (A.1 .2) 
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where 


- the tensile or compressive stress in mortar/ 
matrix, 

- the tensile or compressive stress, in fibres, 
i*e. wire mesh, 

Y - the volume fraction of matrix. 

m 7 

Yjy - the volume fraction of fibres and 

i 

F - the fibre efficiency factor and is given by 

the cosine of the angle that fibre makes with 
load direction# 


It can be easily shown that 


E = E V + S' 2 B- V- 
c mm f f 


. . . (A.1.3) 


where 


E - the modulus of elasticity- of composite, 
c 

E ffi - the modulus of elasticity- of mortar and 
E^ - the modulus of elasticity- of fibres. 


The cracking of the mortar corresponds to the limiting case of the uncracked 
range, for which equation A.1 .1 is given by 



• • » (A.1 .4) 


where M - the cracking moment of the ferrocement section 

cr 

and 

^ - the modulus of rupture of the mortar deter- 

mined from beam test. 
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A. 1.2 Cracked Range 

In the cracked range the modulus of elasticity of the uncracked zone 
is given hy equation A.1.3» For the cracked zone the effective modulus of 
elasticity is obtained by dropping the term E m V m in equation A. 1.3, hence 


E t = F 2 E f V f ... (A.1 .2.1) 

where . E^_ - the modulus of elasticity of composite in 

tension in the cracked range. 

The stress and strain distributions in the cracked range are shown in Figure 
A.l(c) where the neutral axis shifts upward relative to that of uncracked 
range. The more accurate stress distribution curve on the left maybe re- 
placed with very little loss of accuracy by the simpler on the right. 


It can be shown that the position of the neutral axis is defined by 


= P 


. (A.1 .2.2) 


where h^ - the depth of tension zone and 

h — the depth of compression zone, 
c 


The tensile and compressive stresses are respectively 


a t - 


a 


a = da 


6M 

1 h 2 

6M 

2 2 
h 


. (A.1 .2.3) 
. (A. 1 . 2 . 4 ) 
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* 

ere a t - the tensile stress in bending, and 

* 

cr - the compressive stress in bending. 


In equations (A. 1.2.3) ana (A. 1.2.4), 



1 + i- 

T? 


. . » (a.i . 2.5) 


a 


2 


1 ±1 
2 


. . (A.I .2.6) 


It may be mentioned here that M in equations (A.I .2.3) and (A.I .2.4) corres- 
ponds to bending moment due to loads in excess of cracking load of mortar. 
The yielding of wire mesh and skeletal reinforcement denotes the end of the 
second range. 


A.I .3 Yield Range 


The stress and strain distributions in the yield range are shown in 
Figure A.l(d). Again the more accurate stress distribution curve shown on 
the left is replaced by simpler rectangular stress block on the right. . 


In the tension zone, the total tensile force per unit width of section 
is given by 


T> 


= T„ + T 


2 

_ p a V h* 
iy v f n t 


+ A 


sy 


. . . (A.i .3.1) 


T' - the total tensile force, 

T^ - the tensile force du® to wire mesh/fibres, 

T - the tensile force due to skeletal steel, 

s 


where 
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- the yield strength of fibres, 

^ - the yield strength of skeletal steel, 

sy 

A g - the area of skeletal steel per unit width of 
the section and 

- the depth of tensile zone. 

The total compressive force C per unit width of the section is 


G = 0.85 cr h f 

ca c 


. . . (A. 1.5.2) 


where h^ - the depth of the compression zone and 

cr - the average cube strength of the mortar. 

In equation A. 1.3*2, the cube compressive strength has been reduced by 15 
percent due to the fact, that in compression the fibres have adverse effect 
on the strength of the composite due to local buckling of the wire mesh which 
causes premature failure. 

The force equilibrium of the section yields 



0.85 


. . . (A. 1.3.5) 


\ - t> + * 2 V T f ( t> (h - 


(A.1.3.4) 


where 


M - the ultimate moment per unit width and 
o 

h - the depth of the skeletal steel from extreme 
s 

ferce of slab. 



153 


It is suggested, based on experimental evidence, that F in equation 
(A.1.3-3) and (A.1.3.4) should he taken as 1 since at collapse the fibres 
of the wire mesh get oriented in the direction of the load due to kinking 
and hence are hundred percent effective. 



tlilli 




^—Uncracked range 


Deflection — — «. 

od deflection curve for ferrocement 


(b)- Uncracked range 


(c)- Cracked range 


(d) - Yield range 
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